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ABSTRACT 
  
        This research provides a high temporal resolution (1 sample / 2-3 years) record of 
hydrologic variation for the last 2,000 years using a lake sediment record from Castor 
Lake, a closed-basin system in Washington, USA.  The core was dated using 137Cs, 14C, 
and tephrochronology.  Approximately 600 diatoms were identified and enumerated in 
198 samples from a Castor Lake freeze core and Livingstone-piston core.  A diatom-
inference model for salinity was applied to reconstruct fossil diatom salinity.  Diatom-
inferred salinity for the last century tracked Palmer Drought Severity Index, indicating 
diatom community composition tracks effective moisture and can be used to infer past 
hydrologic change.  The 2000-year record of salinity from Castor Lake shows that during 
the Medieval Climate Anomaly (800-1300 AD) Castor Lake experienced cooler, wetter 
conditions than during the Little Ice Age (1400-1850 AD), which is opposite to what has 
been reported for the US southwest. These findings are consistent with a wet Pacific 
Northwest and a dry southwest recorded during La Niña and cool Pacific Decadal 
Oscillation (PDO) phases. Although these suggest a link to sea surface temperatures, 
diatom-inferred salinity was only related to proxy records of the PDO for the period 
between 1000 and 1500 AD.  This indicates that other forcing mechanisms could also be 
important to controlling effective moisture at Castor Lake.  
 
Keywords: Paleolimnology · Castor Lake · Diatoms · Drought · Hydrologic variation · 
Salinity · Pacific Northwest · Pacific Decadal Oscillation 
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CHAPTER 1 
INTRODUCTION 
 
1.1 Defining Drought 
 
Drought is among the most complex and least understood of all natural hazards, 
yet it affects more people than any other hazard (AMS, 2007).  Because drought is 
multifaceted, and therefore, is studied by many disciplines, definitions of drought are 
numerous, but can generally be divided into four main groups: meteorological, 
agricultural, hydrologic, and socioeconomic (AMS, 2007).  For this thesis, I will use the 
term ‘drought’ in the meteorological sense, which is a prolonged period (months to years) 
during which the actual moisture supply at a given region consistently falls short of the 
climatically expected moisture supply.  The severity of a given drought depends on the 
degree of the moisture deficiency, duration, and size of the affected area (Palmer, 1965).  
One widely used measure of drought is the Palmer Drought Severity Index (PDSI) 
(Palmer, 1965), which is a measurement of dryness based on the principles of a balance 
between moisture supply and demand and is derived from measurements of precipitation, 
evapotransporation, air temperature, and local soil moisture, along with prior values of 
these measures (Heddinghaus & Sabol, 1991).  In this thesis, I use the PDSI as a measure 
of drought because it is a numerical approach, which permits an objective evaluation of 
the severity of drought (Palmer, 1965) and is an effective tool in assessing long-term 
meteorological drought (Cook et al., 1999).  It uses 0 as normal, and drought is 
represented by negative numbers, e.g., -4 is extreme drought.  It can also be used to 
describe wet spells, using corresponding positive numbers (Palmer, 1965).  The index 
lacks the ability to account for the effect of snowmelt or frozen ground, which is 
particularly problematic in northern or mountainous regions of the US (Alley, 1984). 
Much of our understanding of long-term drought comes from tree-ring reconstructed 
PDSI that represent summer (June-July-August) average PDSI because tree-ring growth 
is primarily controlled by soil moisture content during the growing season (i.e., spring 
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and summer) (Palmer, 1965). Because drought is a recurring and inevitable event, 
knowledge of the occurrence, frequency, and magnitude is essential for water resource 
management.  
 
1.2 Drought in the Western United States 
1.2.1 Recent and Future Drought 
One region that experiences recurring droughts is the western US (Herweijer et 
al., 2007; Cook et al., 2010).  Hydrologic extremes in the Western US are spatially and 
temporally complex owing to the diverse topography and differences in proximity to the 
coast (Hamlet, 2011). In some regions recent droughts (i.e., those occurring in the last 
~80 years) are among the most severe in terms of intensity and spatial coverage since 
1900 (e.g., Cook et al., 2010) and represent the most costly recurring natural disasters in 
the United States (Herweijer et al., 2007).  Observations from the US drought monitor 
reveal that, indeed, the western US (west of 95°W) has been in a period of elevated 
aridity beginning around 1999 (MacDonald et al., 2008), and these conditions are 
predicted by climate models to persist and intensify if greenhouse gas model projections 
are correct (Seager et al., 2007c).  Twenty-first century model projections of global 
precipitation patterns predict a strengthening of zonal midlatitude (30-60°N or S) 
precipitation and subtropical latitude (23.5-40°N or S) aridity (Allen & Ingram, 2002). In 
addition, there is expected to be a poleward shift of these patterns (Allen & Ingram, 
2002). 
In particular, the southwest US, is expected to experience increasing drought as 
the dry zone just outside the tropics expands farther northward in the US (Cook et al., 
2010).  According to greenhouse gas model projections, the transition to a more arid 
climate should already be underway (Seager et al., 2007c). As a result of prolonged 
drought in the southwest US, there have been significant changes in water availability. 
Most strikingly, water levels in critical reservoirs, Lake Mead and Lake Powell, fed by 
the Colorado River have dropped 18 m and 40 m, respectively, from 1999 to 2003 as a 
result of decreased stream flow and high rates of evaporation (MacDonald, 2007).  
3 
 
 
 
Moreover, groundwater aquifers have in many cases been exhausted due to drought and 
over pumping and resultant salt water intrusion and subsidence (MacDonald, 2007).   
In contrast, model projections of global precipitation patterns predict a 
strengthening of zonal midlatitude precipitation, which would result in greater wetness in 
northern parts of North America.  Climate change projections for the Pacific Northwest1 
(PNW) by the Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment 
Report predict changes in the seasonality of precipitation in the PNW (increasing 
precipitation in winter, decreasing precipitation in summer) (Hamlet, 2011). Although 
winter precipitation will increase, rising air temperature will reduce snow pack and cause 
earlier snowmelt, subsequently reducing summer stream flows, leading to more frequent 
droughts (Jung & Chang, 2012).  In Oregon, for example, the Willamette Valley region 
will be more vulnerable to drought risk than the mountainous regions of the Western 
Cascades and the High Cascades because higher elevation areas will remain relatively 
water-rich (Jung & Chang, 2012). The dramatic changes in water supply predicted to 
occur in the western US with continuing climate warming are being exacerbated by 
increasing demands for water by a rapidly expanding population (MacDonald et al., 
2008). Therefore, it is critical to establish a reliable series of scenarios of possible 
extreme hydrologic events.  Documenting the severity, frequency, and persistence of past 
hydrologic extremes, provides knowledge of “worse-case scenarios”, and can contribute 
to our understanding of the causes of these events, which is critical for improved water 
policy and water resource management.  
1.2.2 Historical Drought Records and Present Water Management    
Water managers have traditionally relied on instrumental records of water 
availability and drought to develop water management policy. Instrumental records of 
North American hydrologic events have enabled us to examine the last 150 years of 
drought history in detail revealing two drought events; the Dust Bowl drought of the 
1930s and the southern Great Plains/Southwest drought of the 1950s (Andreadis et al., 
2005; Seager et al., 2005; Stahle et al., 2007).  Subsequent droughts are typically 
compared to conditions in those years (Cook et al., 2010), and mitigation efforts have 
                                                 
1
 Arbitrarily defined; however, in this study the PNW encompasses British Columbia, Canada and 
Washington and Oregon, USA 
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typically been in preparation for droughts of similar duration. For example, in southern 
California designed infrastructure, including conservation programs and greater ground-
water storage capability, means that this state is able to withstand annual and multi-annual 
droughts (MacDonald, 2007).  Although instrumental climate records are valuable, in 
western North America they are too short to document the full range of magnitude, 
duration and frequency of historical hydrologic extremes (Clark et al., 2002).  A growing 
number of paleohydrological studies reveal that decade- to century-long droughts are not 
uncommon, but not expected based on instrumental records (Woodhouse & Overpeck, 
1998; Cook et al., 2004b; Cook et al., 2010).  Longer records of natural climate 
variability should improve forecasting with the hope that the effects of drought can be 
alleviated by improved planning (Clark et al., 2002).  
Proxy climate data, such as tree-ring and lake sedimentary records, allow the 
extension of instrumental records back centuries to millennia and capture a broader range 
of natural hydrologic variability (e.g., Cook et al., 2004b).  These records provide 
information about the most severe, prolonged droughts that might occur and identify 
potential forcing factors that produce extreme hydrologic events.   
The most compelling evidence for a warmer or drier interval in the western US is 
the time identified as the Medieval Climate Anomaly (MCA; ca. 800-1300 AD) (Hughes 
& Diaz, 1994).   For example, in the southwest US, megadroughts (i.e., droughts that 
exceed the duration and extent of those observed in the instrumental records sensu 
Woodhouse & Overpeck, 1998) occurred during the time identified as the MCA (Hughes 
& Diaz, 1994). The MCA was a period of above-average warmth in the West (west of 
95°W) (Lamb, 1965) that occurred prior to the rapid warming that began with the 
Industrial Revolution (Cook et al., 2010).  Proxy temperature records suggest that 
Northern Hemisphere decadal-scale temperature averages over land between 950 and 
1150 AD may have been as much as ~0.2-0.4°C above the 1850-2006 AD mean (Mann et 
al., 2008).  Drought events during this period were first identified by the extraordinary 
evidence of tree stumps found in-situ in the bottom of lakes and rivers in California and 
were termed “Stine events” (Stine, 1994). These droughts occurred between 890-1110 
AD and 1210-1350 AD.  
5 
 
 
 
The majority of US MCA studies indicate that the western US was dry during this 
time (e.g., Cook et al., 2004b). Droughts, however, are spatially explicit, and therefore, in 
many studies the spatial scale may be too small to capture the hydrologic conditions in 
the PNW. For example, tree ring reconstructions of drought in the US have covered 
regions of 2.5° x 2.5° (e.g., Cook et al., 2004b), which may be too large to capture the 
spatial variability of drought in the hydrologically complex areas of much of the western 
US. Such research refers to the PNW and southwest US together as the western US and 
indicates that the MCA was much more arid on average than the 20th/early 21st century 
drought2 (turn of the century drought (sensu Seager, 2007a)).  This same research 
indicates that the Little Ice Age3 (LIA; 1400-1850 AD) was wetter (Cook et al., 2004b).  
An improved Living Blended Drought Atlas (LBDA) for North America that is presently 
under development uses regions of 0.5° x 0.5°, which has a larger spatial scale than the 
previous gridded reconstructions (Cook et al., 2010).  The LBDA reveals the same 
Medieval megadroughts for much of the western US, but shows that the majority of the 
PNW was wet during this time with some arid regions in British Columbia (BC), Canada, 
Washington, and Oregon, US. 
Other tree-ring studies provide additional climate information for the MCA for the 
PNW.  Records from southern BC indicate that warmer conditions, comparable to 
twentieth century values, existed for the first half of the eleventh century, the late 1300s 
and early 1400s (Luckman & Wilson, 2005), and a prolonged cool period extended from 
1200 to 1350 (Luckman & Wilson, 2005).  Previous research also shows that during the 
MCA glaciers in southern BC advanced to positions near the LIA limits (Koch & Clague, 
2011).  For example, Robson and Peyto glaciers in the Canadian Rockies advanced 
between the mid-twelfth and mid-fourteenth centuries (Luckman & Wilson, 2005).  In the 
Canadian Cordillera glaciers began advancing to their maximum Holocene positions in 
the eleventh century (Menounos et al., 2009).  Because temperatures were also warmer 
during the MCA, glacial advances during this time were most likely driven by increased 
winter precipitation (Koch & Clague, 2011).   
                                                 
2
 Drought conditions in the western US that began after the 1997-98 El Niño event and may not yet be over 
3
 Time of modest cooling of the Northern Hemisphere (Mann, 2002) 
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Previous climate data identifies the need for water managers to consider the 
possibility of longer and more severe droughts; it also raises important research questions, 
such as the possibility that the future could be even drier than the MCA? To better 
address such a question it is imperative to have long records (100s to 1000s of years) and 
to better understand the driving climatic forces causing drought.  
1.2.3 Factors Controlling Drought in the Western United States   
The recognition that drought events have increased in some regions in tandem 
with rapid warming (Seager et al., 2007a; MacDonald et al., 2008), has led to a greater 
interest in understanding the forcing mechanisms responsible for variations in western US 
climate (Balling & Goodrich, 2007).  Climate modeling has led to much progress in our 
understanding of the causes of North American drought (Herweijer et al., 2006). The 
most likely control of wetter conditions and periods of prolonged aridity in the western 
US are sustained deviations in sea surface temperatures (SSTs) in the Pacific Ocean 
(MacDonald, 2007).  For example, modes of SST variability in the tropical and north 
Pacific include El Niño/La Niña-Southern Oscillation (ENSO) (Trenberth et al., 2007) 
and the Pacific Decadal Oscillation (PDO; Mantua et al., 1997), respectively.  
ENSO is a quasiperiodic, interannual (~ 3-7 years) climate pattern that occurs 
over the tropical Pacific Ocean. Warming and cooling of the tropical eastern Pacific 
Ocean concurrent with high and low air surface pressure, respectively, in the western 
Pacific are referred to as El Niño and La Niña, respectively  (Trenberth et al., 2007).  
Evidence indicates that  persistent reduced precipitation in the western US during multi-
year droughts in the western US, including the turn of the century drought and MCA 
megadroughts,  are linked to cool La Niña-like SSTs in the tropical Pacific ENSO region, 
(Herweijer et al., 2006; Cook et al., 2007; Graham et al., 2007; Seager et al., 2007b; 
MacDonald et al., 2008). 
The PDO is a longer-term (~50-70 years) mode of Pacific Ocean SST variability 
prompted by warming and cooling of the northeastern (≥ 20° N) Pacific Ocean (Mantua et 
al., 1997; MacDonald & Case, 2005; Herweijer et al., 2006).  During a "warm", or 
"positive", phase of the PDO, the west Pacific becomes cool and part of the eastern ocean 
warms; during a "cool" or "negative" phase, the opposite pattern occurs (Mantua et al., 
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1997).  The cool temperatures in the northeastern Pacific during cool/negative phases of 
the PDO are associated with climatic conditions similar to La Niña – although weaker in 
expression (MacDonald & Case, 2005).  These cool temperatures create the development 
of dry conditions in the southwest US (Mantua & Hare, 2002).  A prolonged negative 
state of the PDO during the tenth through twelfth centuries is consistent with prolonged 
drought over much of western North America during the MCA (MacDonald & Case, 
2005). 
A relationship between ENSO and the PDO is suggested by observational and 
modeling studies (Alexander et al., 2002; Newman et al., 2003) and paleorecords 
(Verdon & Franks, 2006).  The teleconnection linking ENSO and the PDO is coined the 
atmospheric bridge (Alexander et al., 2002) and entails a positive correlation between El 
Niño (La Niña) events and warm (cold) PDO phases (Newman et al., 2003).  The PDO 
has also been explained as the decadal-scale response in the mid-latitudes to ENSO 
forcing combined with atmospheric noise (Newman et al., 2003) or just a low-frequency 
version of ENSO (Zhang et al., 1997).   
Precipitation/snowpack variability in the western US is characterized by a north–
south contrast in precipitation patterns (i.e., a dipole) pivoting on a transition zone that 
separates the PNW and southwest US (Dettinger et al., 1998; Pederson et al., 2011).  The 
north and south tend to behave opposite to each other (i.e., when one is wet, the other is 
dry) (Figure 1.1).  The transition zone is thought to be spatially limited to west of the 
continental divide and between 40-42°N latitude and includes portions of eastern 
Washington (Figure 1.2a, b), eastern Oregon, and western Colorado; however, the exact 
location and behavior of the transition zone have not been well delineated (Wise, 2010). 
The transition zone shifts during phases of ENSO, the PDO and the Atlantic Multidecadal 
Oscillation (AMO) (Wise, 2010), so precipitation patterns are highly variable over time 
and space (Brown & Comrie, 2004).  Southern California and western Canada lie at 
opposite ends of the PDO precipitation dipole and hydrological variations related to the 
PDO should be of opposite sign in the two regions.  An exception to this rule was found 
by MacDonald & Case (2005) when aridity extended across the current PDO dipole 
during the medieval periods (~900-1300 AD).   
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Figure 1.1: October to December dry extremes during La Niña for the continental United 
States.  Red= highest dry risk; Blue= lowest dry risk (WRCC, 2012). 
 
                                                                        
 
Figure 1.2: a) August to October dry extremes during La Niña for the continental United 
States; b) August to October dry extremes during La Niña for Washington, USA.  Red = 
highest risk; Blue = lowest risk (WRCC, 2012).  Black star = approximate location of the 
study site, Castor Lake. 
a) 
b) 
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Tree-ring data indicate that both the PNW and the southwest US were dry for 
extended periods during the MCA (Cook et al., 2004; MacDonald & Case, 2005).  The 
cause of this extended aridity, shown by climate models, was depressed northeastern 
Pacific SSTs because of differential heating of the western equatorial Pacific relative to 
the eastern Pacific (Seager et al., 2005).  Differential heating of the Pacific Ocean was 
caused by climatic warming in many parts of the globe as a result of increased optical 
clarity in the atmosphere owing to decreased volcanic activity and increased insolation 
due to natural solar variability (Mann et al., 2005).  The enhanced heating of the western 
Pacific promoted La Niña-like conditions that have been linked to extensive MCA 
drought in the West (Mann et al., 2005; Herweijer et al., 2006).   
The implication is that the mechanism forcing the recent persistent drought in the 
western US is analogous to that underlying the megadroughts of the MCA, i.e., depressed 
northeastern Pacific SSTs promoting La Niña-like conditions.  It is important to note, 
however, that the MCA drought is not an exact analogue for future worst-case droughts 
because the MCA megadroughts were more extensive and persistent than any events 
since the twelfth century; however, temperature was likely lower in the MCA than in the 
recent period of drought (Woodhouse et al., 2010).  The cause of the elevated warmth is 
not identical and there have been changes in land cover throughout the western US due to 
human activities since the late nineteenth century that have impacts on regional climate 
(Woodhouse et al., 2010). Nevertheless, long records of drought from a network of sites 
across the western US provide a basis from which to determine worse-case scenarios of 
hydrologic extremes and contribute to our knowledge of the mechanisms causing these 
extremes (Woodhouse et al., 2010).   
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1.3 The Columbia River: a Major Water Source in the Pacific Northwest 
 
The history of multi-year droughts in the southwest US, provided by instrumental 
and paleo records, accentuates the importance of determining long records of hydrologic 
change in the out-of-phase PNW. Sites where long records of drought are most urgently 
needed are those located in regions that most influence water resources, such as the 
headwaters of major rivers and reservoirs. The Columbia River basin is one such region. 
This river basin is the dominant water resource of the PNW, crossing seven US States and 
the Canadian province of BC (Hamlet & Lettenmaier, 1999).  The entirety of Washington 
State relies on the Columbia River for its water needs, including irrigation in the dry 
central region, hydroelectric power, ocean vessel navigation and river barges in eastern 
Washington (WRCC, 2011).  The Grand Coulee Dam, located just southeast of the 
Okanogan River, a major tributary of the Columbia River, is the largest hydroelectric 
facility in the nation providing, along with the other 13 dams in the state, approximately 
31% of the total US hydropower (EIA, 2012).  Because multi-year droughts in the 
southwest US are linked to cool La Niña -like SSTs, which is related to cool/negative 
phases of the PDO, and because the southwest US and PNW lie at opposite ends of the 
PDO precipitation dipole, it would be expected that drought events in the PNW occur 
during warm/positive phases of the PDO.  However, the spatial extent of the transition 
zone between the north-south antiphasal relationship varies temporally and spatially, 
making it difficult to predict whether a PNW site will be wet or dry when the southwest is 
dry (Wise, 2010) (Figure 1.2a, b). A series of small, kettle lakes just west of the 
Okanogan River (Figure 1.3) within the north-south antiphasal dipole transition zone 
provide near-ideal sites to determine the spatial and temporal variability of the north-
south antiphasal relationship and the related climate dynamics responsible for drought in 
these important headwaters.  Such closed-basin lakes are particularly responsive to 
changes of climate and provide high temporal resolution paleohydrologic records in arid 
and semi-arid regions (Evans, 1993). 
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Figure 1.3: Map of the northern Columbia River basin (shaded region) (Walker & Pellatt, 
2008) showing the approximate location of the study site, Castor Lake (red star). 
  
1.4 Castor Lake: A Washington Kettle Lake 
 
Castor Lake’s small watershed and closed basin status, as well as its location in 
the semi-arid region in the rainshadow of the Cascade Mountains, makes it sensitive to 
hydrologic change and an ideal site for studying changes in past effective moisture 
(precipitation minus evaporation; P-E).  The catchment is also on a topographic high 
isolating it from distal groundwater.  A 6000-year record of changing water balance in the 
PNW was inferred from measurements of carbonate oxygen isotopes (δ18Oaragonite) and a 
grayscale of Castor Lake sediment (Nelson et al., 2011).  In Castor Lake the oxygen 
isotope composition of aragonite primarily reflects lake water oxygen isotope 
composition and hence the P-E influencing the system at the time of mineral formation 
12 
 
 
 
(Nelson et al., 2011).  Most aragonite precipitates at similar temperatures during summer 
months, minimizing the influence of water temperature variations (Nelson et al., 2011).  
Monitoring of the oxygen isotopic composition of lake water by Nelson et al. (2011) 
since 2003 revealed large isotopic shifts concordant with regional hydroclimate.  
Sediment trap data indicated the dark sediments are formed during arid intervals 
identified by the instrumental climate record over the past 100 years (Nelson et al., 2011).  
The similarity of Castor Lake δ18Oaragonite and oxygen isotopes from ostracods in near-by 
Scanlon Lake (adjoining watershed) confirmed the regional nature of the records 
contained in the lake sediments (Nelson et al., 2011).  PDO instrumental data trends were 
generally similar to δ18Oaragonite, precipitation and PDSI instrumental data over the last 100 
years indicating that the PDO affected the precipitation/evaporation balance of Castor 
Lake during the twentieth century (Nelson et al., 2011). Similar relationships were found 
between Castor Lake grayscale records, which were interpreted as a proxy of regional 
hydroclimate. Comparison of the grayscale records to the tree-ring construction of PDSI 
for grid point #43 (GP 43) (located approximately 120 km south of Castor Lake) revealed 
similar patterns for the last 1500 years (Nelson et al., 2011).  Wavelet analysis was 
applied to a 6000-year grayscale-based hydrologic reconstruction to explore changes in 
event periodicity.  Individually resolved drought events were hindered by radiocarbon 
dating uncertainties; however, these uncertainties were deemed insignificant when 
assessing centennial to millennial changes in variability (Nelson et al., 2011). Results 
demonstrated the climate transitioned to lower frequency and longer duration wet/dry 
cycles in the last millennium, corresponding with the period identified as the MCA (900-
1300 AD) (Nelson et al., 2011).  Nelson et al. (2011) hypothesized that this evolving 
pattern of drought was linked, in part, to precessional insolation forcing and in part to 
changing climate patterns of unknown origin.  Coherence between the long-term Castor 
Lake grayscale record and tree-ring inferred regional PDO reconstructions was poor.  
Nelson et al. (2011) attributed this unexpected result to the potential changes in the 
spatial impact on North American climate through time.  Nelson et al. (2011) suggests the 
data from Castor Lake document changing drought cycles in the PNW over the last 6000 
years that were likely driven by the evolution of ENSO and its teleconnections with the 
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PNW and that the scale and pace of these changes requires a large and gradual forcing 
mechanism such as precessional insolation. 
Steinman et al. (2012) produced a 1500-year record of winter precipitation in the 
PNW using a physical model-based analysis of the oxygen isotope composition of 
authigenic (i.e., precipitated in-lake) carbonate material in lake sediment from Castor 
Lake and nearby Lime Lake.  Castor Lake water and sediment oxygen isotope 
compositions are influenced primarily by P-E forcing (Steinman et al., 2010b); however, 
the oxygen isotope composition of Lime Lake is controlled by the isotopic composition of 
meteoric water (i.e., rain and snowfall) (Steinman et al., 2012).  Therefore, Steinman et 
al. (2012) mean centered the two records and subtracted the latter from the former to 
isolate the isotopic influence of hydrologic forcing on the Castor Lake-catchment system.  
The resulting ∆δ18O record represented the cumulative isotopic effects of evaporation and 
water input/output (runoff and groundwater) to Castor Lake and did not represent changes 
in the isotopic composition of meteoric water (Steinman et al., 2012).  To produce the 
1500-year precipitation reconstruction Steinman et al. (2012) conducted an ensemble of 
Monte Carlo simulations using a combined lake-catchment, hydrologic, and isotope mass 
balance model that simulated Castor Lake isotopic evolution over discrete 20 year periods 
in response to randomly generated changes in monthly precipitation, temperature, and 
relative humidity.  Results indicated that November-February rain/snowfall was the 
strongest control on Castor Lake sediment oxygen isotope composition and modeled 
∆δ
18O.  The resultant Castor-Lime Lake winter precipitation record indicated that during 
the MCA (900-1300 AD) the PNW experienced unexpected wetness in winter and that 
during the LIA (1450-1850 AD) conditions were drier, in contrast to hydrologic records 
from lakes in the southwest US and Great Basin.  Comparison of the Castor-Lime Lake 
winter precipitation record with the Mann et al. (2009) PDO series (reconstructed SSTs 
over the central North Pacific region) revealed a positive centennial timescale relationship 
over the last 1500 years.  A less consistent centennial relationship was found with 
reconstructed SSTs for the Niño3 region of the equatorial Pacific (2.5°S-2.5°N and 
92.5°W-147°W) (Steinman et al., 2012).  Steinman et al. (2012) suggested the Castor-
Lime Lake winter precipitation record and the regional tree-ring constructed PDSI 
records (grid points 43 and 55) did not show consistent long-term trends because of 
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differences in seasonal sensitivity between the two proxies as well as the relatively 
limited number of older chronologies.   
My thesis adds an additional paleoclimate proxy, diatoms, to the previous 
paleoindicators studied from Castor Lake sediments.  Such multiproxy approaches are 
required for the most robust paleoclimate reconstructions (e.g., Smol, 2008). The addition 
of a diatom record provides an independent check of the drought record determined from 
isotopes and colour changes in the sediment.  
 
1.5 Relationships between drought, lake level, salinity, diatoms and 
Chrysophecean stomatocysts  
 
In lake sediments, bioindicators can be fossils or subfossils of organisms resistant 
to decomposition, such as siliceous algal components of diatoms and Chrysophecean 
stomatocysts (or cysts).  Diatoms (class: Bacillariophyta) are microscopic (~1-1000 µm), 
unicellular, photosynthetic, golden-brown algae (Barron, 1993) and are one of the most 
abundant phytoplankton and the dominant algal group in many freshwater systems (Smol, 
2008).  Diatom cells are encased with an external, two-part opaline silica cell wall called 
a frustule, which is resistant to decomposition (Barron, 1993; Smol, 2008).  Each species 
occupies an environmental optimum in the freshwater system, and diatom community 
composition varies with salinity, temperature, pH, nutrient levels, oxygen levels, and 
others (Smol, 2008).  Because each diatom species lives in a well-defined ecological 
niche, diatom valves are relatively resistant to decomposition, and the valves are 
taxonomically unique, diatoms have frequently been used as reliable indicators of 
limnological environmental conditions (Smol, 2008).   
Closed-basin lakes (no inflows or outflows) are important archives of climate 
history that can reveal long-term patterns in the intensity, duration, and frequency of 
droughts (Fritz et al., 1999).  In a closed lake, lake level and salinity are linked to 
effective moisture balance (precipitation minus evaporation; P-E). Increased effective 
moisture results in increased lake levels. Increased precipitation (evaporation) dilutes 
(concentrates) ionic concentrations (salinity) (Laird et al., 2007; Fritz, 2008).   
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Ecological habitat preferences of diatoms can be used to infer effective moisture.  
Because diatoms are sensitive to changes in lake level and salinity they can be used to 
track changes in drought in arid and semi-arid regions where lakes respond to changes in 
effective moisture balance by large variations in water volume and ionic concentration 
(Gasse et al., 1997).   
A change in the planktic to non-planktic (referred to in this study as benthic) 
diatom ratio is one way of indicating water level fluctuations (Wolin & Duthie, 1999).  
Because planktic (free-floating) diatoms occupy deeper open-water areas, whereas 
benthic (attached to substrate) diatoms are most common in near-shore, shallow water 
where light penetration reaches the sediment-water interface (Stone & Fritz, 2004), the 
abundance of planktic to benthic frustules can be influenced by changing lake levels, with 
lower lake levels generally resulting in a greater proportion of littoral area and, therefore, 
a lower abundance of benthic diatoms (Wolin & Duthie, 1999).  Research by Stone & 
Fritz (2004), however, showed that for more complex basins these relationships did not 
always exist.  For example, at Foy Lake in Montana, Stone & Fritz (2004) found that 
lower lake levels actually resulted in more open water, and therefore a greater proportion 
of planktic diatoms.  Other factors independent of lake depth also affect the growth of 
planktic and benthic diatom abundances and, hence, affect the abundance of planktic 
diatoms (Dearing, 1997).  Benthic diatom habitats include aquatic macrophytes, which 
can be affected by changes in ultraviolet radiation and nutrient supply independent of 
changes in lake depth. Water clarity, which affects the habitat available for growth of 
both planktic and benthic diatoms, also may be affected by nutrients, turbulence, and 
oxygen concentration, all of which can be independent of lake level changes (Dearing, 
1997; Wolin & Duthie, 1999).  For these reasons, lake-level reconstructions are more 
robust when supported by other indicators of lake-level changes (e.g., additional proxies 
and sediment stratigraphy) (Wolin & Duthie, 1999; Fritz, 2008).  In closed-basin lakes, 
however, several studies show diatom community compositions fluctuate as lake levels 
vary (Gregory-Eaves et al., 1999; Wolin & Duthie, 1999; Moser et al., 2000) and 
consequently salinity (Laird et al., 1996a; Telford et al., 1999).  For that reason, diatoms 
can be used to track changes in effective moisture (P-E) and have been effectively used to 
determine past drought (Cumming et al., 2002; Laird et al., 2007; Fritz, 2008). 
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The distribution of diatom taxa is highly correlated with lakewater salinity and 
quantitative estimates of past changes in salinity can be inferred from the species 
composition of sediment cores (Fritz et al., 1999).  Three large calibration datasets (>50 
lakes) have been developed in North America and Africa to assess the strength of the 
relationship between diatom species composition and lakewater ionic concentration and 
composition (Fritz et al., 1999), one of which includes a 219-lake dataset from BC 
(Wilson et al., 1996).  Salinity, however, can be related to P-E in some complex ways, 
particularly for lakes where groundwater is a significant component of the water budget.  
For example, during major drought groundwater influx to a lake may increase because 
shallow basins higher in the groundwater flow system dry up leaving more groundwater 
for basins lower in the groundwater flow system (Fritz, 2008).  This causes an increased 
inflow of groundwater enriched in the light isotopes of oxygen and hydrogen (Donovan et 
al., 2002) indicating wetter conditions when in reality drought conditions are occurring. 
Quite the reverse, elevated salinity during a wet period can result when higher 
precipitation enhances groundwater recharge that contains salt, which increases inputs of 
saline groundwater to a lake (Telford et al., 1999).  Areas such as Castor Lake, where 
groundwater is not a significant portion of the water budget, are not usually affected by 
such complications (Fritz, 2008). 
Chrysophytes are microscopic algae characterized by rigid cell walls, and some 
chrysophyte taxa are also covered by siliceous scales (Wilkinson et al., 1999). During 
certain environmental conditions chrysophytes will enter a resting stage becoming a 
stomatocyst (or cyst) (Smol, 1985). In order to become a cyst, chrysophytes 
endogenously thicken their cell walls with layers of biogenic silica and slow metabolic 
processes.  Chrysophyte cysts and scales are well preserved in the sediment record and 
cysts are characterized by distinct pores on their surface necessary for excystment 
(Wilkinson et al., 1999).  Chrysophyte cyst community composition varies with salinity, 
nutrient availability, and pH (Smol, 1985).  Chysophytes are generally most competitive 
in oligotrophic (nutrient poor), cool conditions; conversely, diatoms are most successful 
in eutrophic (nutrient rich) conditions (Smol, 1985; Wilkinson et al., 1999; Garcia-
Rodriguez, 2006).  Furthermore, chrysophytes are generally more sensitive to changes in 
pH than diatoms (Duff & Smol, 1991).  The chrysophyte stomatocyst (or cyst) to diatom 
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frustule ratio (C:D) (sensu Smol, 1985) has been used successfully to study salinity 
changes (Garcia-Rodriguez, 2006).  Because chrysophyte cysts occupy freshwater 
habitats and do not have high tolerances for salinity (Duff et al., 1997) estimates of 
changes in paleosalinity may be obtained by using this ratio.  Garcia-Rodriguez (2006) 
showed that the C:D values increased in coastal lagoons from marine/brackish to 
brackish/freshwater to freshwater conditions.   
 
1.6 Objective and Hypothesis 
 
The overall goal of this research is to provide a high-resolution record of the 
occurrence, frequency, and magnitude of natural climate variability in the PNW and its 
relationship to climate phenomena such as the PDO and the ENSO in order to help 
improve predictions of climate responses to future warming.  
This research first assesses whether diatom-inferred salinity is a proxy for drought 
for Castor Lake, a closed basin lake situated in northern Washington State.  A calibration 
set (Paleolimnological Investigations of Salinity, Climatic, and Environmental Shifts 
(PISCES) project) from British Columbia (Wilson et al., 1996) will be used to develop 
diatom-inference models for salinity based on weighted-averaging (WA) and modern 
analogue techniques (MAT). Model performance statistics will be used to evaluate the 
results from the two different models. Both models will be applied to fossil diatoms from 
Castor Lake sediments to determine a high-temporal resolution (~2-3 years) record of 
lakewater salinity for the last 100 years.  These records will be compared to instrumental 
records of PDSI, temperature, and precipitation to assess further the accuracy of the 
models at determining drought.   
The second part of the thesis will reconstruct past salinity and lake levels to 
determine the occurrence, frequency, and magnitude of hydrologic events (drought and 
pluvial cycles) over the last 2000 years.   
The four main hypotheses to be tested in my research are: 
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1) In my comparison of WA and MAT models, the model that will give the best 
lakewater salinity reconstruction, based on coefficient of determination (r2) and 
root mean squared error of prediction (RMSEP), is the one based on WA.  Wilson 
et al. (1996) showed that WA and WA with tolerance downweighting (WA(tol)) 
regression and calibration (Birks et al., 1990) using inverse deshrinking were 
better models than WA partial least squares (WA-PLS) (ter Braak & Juggins, 
1993).  Although the MAT model avoids the WA limitation of “edge effects”, 
which result in the inevitable over-estimation (under-estimation) of optima at the 
low (high) end of the gradient of interest, by applying inverse deshrinking such 
effects will be avoided (Birks, 1998). MAT can also give unreliable 
reconstructions if no good modern analogues exist for the fossil assemblages 
(Birks, 1998), which may occur for unprecedented hydrologic extreme events, 
such as the megadroughts of the MCA (Woodhouse et al., 2010).    
2) Diatom-inferred salinity will provide a means to quantitatively reconstruct past 
hydrologic variability, including periods of drought, at Castor Lake (i.e., diatom 
inferred salinity will track instrumental records of PDSI). Castor Lake is sensitive 
to changes in P-E because it is a closed-basin lake in a semi-arid region. With 
increased aridity, lake levels will fall and salinity will increase. Diatom 
community composition, which is sensitive to changes in lake level and salinity 
(Fritz, 2008), will change in response to these climate-controlled variables, and 
thus will reflect drought. The abundance of planktic diatoms will track changes in 
lake depth, and therefore PDSI. The C:D ratio will track salinity and therefore 
PDSI because cysts are sensitive to salinity changes.  
3) A sub-decadal to decadal record of diatom-inferred salinity for the past 2000 years 
from Castor Lake will show that the MCA was an exceptionally prolonged wet 
period consistent with the Castor-Lime Lake oxygen isotope-inferred winter 
precipitation record by Steinman et al. (2012) and glacier advances in southern 
BC (Koch & Clague, 2011).  The LIA will be characterized by more variable 
conditions as suggested by glacier fluctuation records (Luckman, 2000).  The most 
recent part of the Castor Lake record will be the driest on record as a result of 
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increasing Northern Hemisphere temperatures (McCabe et al., 2004) which are 
attributed to increased greenhouse gases (IPCC, 2001). 
4) Hydrologic events (drought and pluvial cycles) at Castor Lake will be influenced 
by changes in Pacific Ocean SSTs because sustained deviations in Pacific Ocean 
SSTs have been linked to changes in moisture availability in the western US 
(MacDonald, 2007).  This includes ocean/atmospheric dynamics related to the 
ENSO and the PDO.  The north–south difference in precipitation patterns will 
result in a wet PNW when the southwest US is dry.   
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CHAPTER 2 
STUDY AREA 
 
2.1 Lake and Watershed Properties 
 
Castor Lake (48.54ºN, 119.56º W) is a small (0.07 km2), closed-basin, kettle lake 
(Figure 2.1) located in Okanogan County in north-central Washington, USA (Figure 2.2a, 
b), east of the Cascade Range along a terrace margin of the Okanogan River (Steinman et 
al., 2010b) (Figure 1.3) in the PNW.  Positioned on a plateau (594 m above sea level 
(asl)), Castor Lake’s 0.86 km2, undeveloped catchment is isolated from regional 
groundwater sources (Steinman et al., 2010b; Nelson et al., 2011).  Hydrologic input is 
restricted to precipitation, runoff, and catchment groundwater (Nelson et al., 2011).  
Isotope analysis and hydrologic modeling by Steinman et al. (2010b) revealed that most 
lake water is lost through evaporation.  Lake conductivity, a measure of salinity, varies 
with depth and season between approximately 1 and 4 mScm-2 (Steinman et al., 2010b).  
The maximum depth at time of coring was ~11.5 m (Figure 2.3) and the overflow depth is 
~13.5 m, but no overflow has been observed except during the spring of especially wet 
years (Steinman et al., 2010b).  Castor Lake appears to be holomictic given it is well 
stratified in the summer and weakly stratified in the winter.  Furthermore, the difference 
in salinity between the epilimnion and hypolimnion is too large to be meromictic.  Low 
salinity and isotopic depletion of runoff results in early spring water column stratification 
that is then weakened by wind action, diffusion, and evaporative enrichment in 
subsequent months (Steinman et al., 2012).  The lake residence time is estimated to be 
three years based on isotopic mass balance modeling studies of the lake by Steinman et 
al. (2010a, b).  Although once stocked, Castor Lake no longer contains fish owing to the 
high alkaline water (Nelson, 2004).  Macrophytes are not abundant and extend one to two 
metres from the lake’s edge.  Remaining lake and watershed properties and limnological 
characteristics are summarized in Table 2.1 and Table 2.2, respectively. 
 
  
 
 
 
 
Figure 2.1: Photograph of Castor Lake
University of Pittsburgh).
 
 
 
 
 
 
 
 and surrounding vegetation (courtesy of the 
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Figure 2.2: Study area location and topography within Washington State. a) Map of 
Washington State showing the approximate location of the study area (black circle); b) 
Topographic map of Castor Lake and surrounding area in north-central Washington, 
USA.  Contour lines represent 20 m intervals.  
a) 
b) 
48°32’0”N 
48°33’0”N 
119°35’0”W 119°34’0”W 119°33’0”W 
48°33’0”N 
48°32’0”N 
119°35’0”W 119°34’0”W 119°33’0”W 
117°W 
49°N 
46°N 
124°W 
 
23 
 
 
 
 
 
Figure 2.3: Bathymetry of Castor Lake.  The bathymetry of Castor Lake July 1st, 2006, 
including coring location (white circle), and the bathymetry of Castor Lake July 3rd, 
1952.  Contour lines represent 0.5 m intervals (Steinman et al., In revision). 
 
Lake and Watershed Properties 
Latitude, longitude 48.54ºN, 119.56º W 
Elevation (m asl) 594 
Maximum depth (m) 11.5 
Lake area (km2)  0.07 
Catchment area (km2) 0.86 
         (Measurements by the University of Pittsburgh) 
Table 2.1: Lake and watershed properties of Castor Lake. 
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Limnological 
Variable 
July 
2003 
May 
2006 
October 1, 
2006 
July 26, 
2007 
August 21, 
2007 
pH 8.5  
Alkalinity (mg/L) 565 450.0 550.0 560.0 575.0 
Ca2+ (mg/L)  44.4 10.9 14.8 14.0 
Mg2+ (mg/L)  242.8 450.2 487.3 499.5 
K+ (mg/L)  34.3 52.1 57.0 59.4 
Na+ (mg/L)  65.3 153.3 172.8 166.9 
SO42-(mg/L)  901.2 1594.9 1461.0 1522.2 
DIC (mg/L)  540.7 956.9 876.6 913.3 
Cl- (mg/L)  12.9 22.7 21.3 36.7 
Salinity (mg/L)  1841.7 3240.9 3090.8 3212.0 
          (Measurements by the University of Pittsburgh) 
Table 2.2: Limnological characteristics of Castor Lake. 
 
2.2 Geology & Physiography 
 
Okanogan County was repeatedly covered by glacial ice during the Pleistocene 
Epoch. As a result, deposits of glacial drift are found throughout the area and the 
physiography of Okanogan County contains many glacial features including numerous 
small, perched lakes and seasonal wetlands (Steinman et al., 2010b).  During the last 
glacier retreat (locally known as Fraser Glaciation), the late Pleistocene Cordilleran ice 
sheet spread over most of BC with ice lobes stretching over parts of Washington, Idaho 
and Montana (Walker & Pellatt, 2008).  Between approximately 15,000-12,500 calendar 
years before present (cal yr BP), the Cordilleran ice sheet retreated from the northern 
Columbia River basin (Walker & Pellatt, 2008), leaving behind separated ice blocks.  
Buried by glacier outwash, the ice blocks melted leaving large depressions (kettles) in the 
land.  Kettles that were fed by surface or underground rivers or streams filled with water 
and became kettle lakes.   
Located in the “lime belt region” of Okanogan County, Castor Lake is a kettle 
lake surrounded and underlain by limestone (Steinman et al., 2010b).  Aragonite is the 
chief sedimentary carbonate mineral in the lake sediment (Nelson et al., 2011).  
Accordingly, Castor Lake is an alkaline lake with a pH of 8.5 and alkalinity of 540 mgL-1 
(Table 2.2).   
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2.3 Climate 
 
There are several climatic controls that influence the climate in north-central 
Washington (i.e., terrain, Pacific Ocean SSTs, and semi-permanent high and low pressure 
regions located over the North Pacific Ocean) (WRCC, 2011).  These controls combine to 
produce entirely different conditions within short distances.  North-central Washington is 
in the rain shadow of the Cascade Mountains and as a result receives much less 
precipitation than coastal Washington.  Air masses from climate oscillation interactions in 
the Pacific Ocean are pushed eastward, over the Cascade Mountains, by the Pacific 
westerlies, leading to a semi-arid, seasonal, drought-prone and interannually variable 
climate in north-central Washington (Steinman et al., 2010b).  More specifically, the 
climate is characterized by a cool, moist winter season (Nov-Feb average: -1.88 ºC; 38.3 
mm (Figure 2.4)) controlled by the southward movement of the strengthened Aleutian 
low-pressure system (Bryson & Hare, 1974) and a warm, arid summer season (Jul-Oct 
average: 15.14 ºC; 17.7 mm (Figure 2.4)) controlled by the northward migration of the 
weakened Aleutian low replaced by the north Pacific high (Bryson & Hare, 1974).  Dry 
periods commonly occur when a high-pressure ridge forms over the northeastern Pacific 
and prevents moist air from entering the region (Knapp et al., 2004). 
 Average monthly mean climate data for the study area was obtained from National 
Oceanic and Atmospheric Administration (NOAA) National Climatic Data Center 
(NCDC) (NOAA, 2011).  Climate data are monthly averages taken over a span of years 
as shown in Table 2.3.   
 
Data Collection 
Site Location 
Elevation 
(m) 
Collection 
Years 
Conconully, WA 48.57N, 119.75W 692 1900-2007 
Omak, WA 48.42N, 119.53W 259 1931-2008 
Table 2.3: Climate data collection sites with corresponding locations, elevations, and 
years of collection.  
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Figure 2.4, Figure 2.5, and Figure 2.6 present average monthly mean temperature 
and precipitation, mean annual precipitation, and mean annual temperature, respectively 
(NOAA, 2011).  Maximum precipitation occurs in winter months, November through 
February, during the lowest air temperatures (Figure 2.4).  The mean annual precipitation 
was relatively low during periods from 1916 to 1936, 1951 to 1970, 1984 to 1991, and 
1998 to modern day (Figure 2.5).  The mean annual air temperature shows two overall 
increasing trends from 1900 to 1945 and 1951 to modern day (Figure 2.6). 
 
Figure 2.4: Castor Lake region 1900-2007 average monthly mean air temperature (°C) 
and precipitation (mm).  Developed from Conconully and Omak NCDC weather station 
data adjusted on the basis of strong linear correlations to the Castor Lake base station.   
-10.00
0.00
10.00
20.00
30.00
40.00
50.00
NOV DEC JAN FEB MAR APR MAY JUN JUL AUG SEP OCT 
1
9
0
0
-2
0
0
7
 A
v
e
ra
g
e
 M
o
n
th
ly
 T
e
m
p
e
ra
tu
re
 (
°C
) 
a
n
d
 
P
re
ci
p
it
a
ti
o
n
 (
m
m
)
Month
Temperature
Precipitation
27 
 
 
 
 
Figure 2.5: Castor Lake region total annual precipitation anomalies (mm) from 1900-
2007.  Developed from Conconully and Omak NCDC weather station data adjusted on 
the basis of strong linear correlations to the Castor Lake base station.   
 
Figure 2.6: Castor Lake region mean annual air temperature anomalies (°C) from 1900-
2007. Developed from Conconully and Omak NCDC weather station data adjusted on the 
basis of strong linear correlations to the Castor Lake base station.   
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2.4 Vegetation 
 
Castor Lake lies within a landscape characterized by shrub-steppe (low rainfall 
natural grassland), evergreen, and secondary deciduous vegetation (Steinman et al., 
2010b) (Figure 2.1).  The Big Sagebrush Zone of vegetation extending in the PNW from 
Canada to Nevada from the Cascades to the Rocky Mountains is characterized by the 
presence of Big Sagebrush (Artemisia tridentata).  This shrub-steppe consists of non-
desert species with plant communities such as Artemisia tridentate, Festuca idahoensis, 
Agropyron spicatum, and Chrysothamnus spp (Mack et al., 1979). 
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CHAPTER 3 
METHODS 
3.1 Field Methods 
3.1.1 Sediment Core Collection and Extrusion 
Sediment cores were collected by Prof. M. Abbott’s laboratory group (University 
of Pittsburgh).  A Livingstone-piston sediment corer (5 cm internal tube diameter) (Figure 
3.1) was used to collect two sediment cores (sediment depth 3.78 m) from Castor Lake in 
2003.  Each core was retrieved from the deepest part of the lake, the most appropriate 
coring site to ensure the most continuous, undisturbed, representative sediment record of 
the entire lake (Smol, 2008).  Five overlapping sediment drives were needed to collect a 
complete record and verify sediment lithology changes.  A freeze corer (Figure 3.2a, b) 
was used to collect unconsolidated surface sediment (sediment depth 52 cm) from Castor 
Lake in 2004.  A freeze corer was chosen because it preserves high resolution laminations 
of watery sediments including undisturbed sediment-water interface profiles (Renberg, 
1981).  The Livingstone-piston cores, untouched in the core tube, and the freeze core, 
stored on dry ice, were transported to the University of Pittsburgh, wrapped and stored at 
4˚C and -10˚C, respectively until further processing. 
The upper first 127 cm of sediment (last ~2000 years) used in this study had 
millimetre to submillimetre laminations (Figure 3.3) indicating that the sediment record is 
preserved at nearly annual resolution.   
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Figure 3.1: General operation of a Livingstone-piston corer, showing the lowering A), 
sampling B), and withdrawal C) of a sediment sequence.  The drive rods are used to push 
the corer into the sediment to the desired depth.  1, Core tube; 2, piston; 3, drive rods; 4, 
piston cable; 5, locking drive head (Glew et al., 2001; Smol, 2008). 
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Figure 3.2: a) Photograph of the freeze corer used to collect unconsolidated surface 
sediment (sediment depth 52 cm) from Castor Lake in 2004; b) General operation of a 
freeze-crust sampler.  The corer chamber is filled with dry ice and a coolant and the corer 
top is secured. A) The corer is lowered through the water column on the recovery line.  B) 
The corer is lowered into the sediment and held in a fixed position for a short period of 
time.  C) The sediment-encrusted corer is recovered to the surface (Smol, 2008). 
 
 
 
Figure 3.3: Photograph of Castor Lake sediment with millimetre to submillimetre 
laminations. 
 
 
 
a) b) 
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3.1.2 Water sample collection 
Water samples were collected from the surface of Castor Lake in 2003, 2006, and 
2007 by Prof. M. Abbott’s laboratory group (University of Pittsburgh).  Samples were 
collected in pre-cleaned 30 ml polyethylene bottles following rinsing three times with 
sample water and then filling and capping the bottle underwater.  All samples were stored 
in a cooler immediately after sampling, transported to the University of Pittsburgh and 
kept refrigerated until analysis (Steinman et al., 2012). 
 
3.2 Laboratory Methods 
3.2.1 Chronology 
This study utilized the top 127 cm of Castor Lake sediment.  Chronology for this 
portion of the sediment included 137Cs performed on freeze core D-04, one 14C date and 
one tephra (Mount Saint Helens (MSH)) performed on Livingstone-piston core A-03, and 
one 14C date performed on Livingstone-piston core B-03 drive 2 (Table 3.1). 
Radiocarbon measurements were performed on identifiable terrestrial 
macrofossils, including Cyperaceae (sedge) seeds and charcoal (Nelson et al., 2011) in 
Castor Lake sediment.  The sediment was pre-treated following standard acid-base-acid 
procedures  (Abbott & Stafford, 1996) at the University of Pittsburgh prior to dating at 
the W.M. Keck Carbon Cycle Accelerator Mass Spectrometry (AMS) Laboratory at the 
University of California, Irvine (UCI), and the Center for Accelerator Mass Spectrometry 
(CAMS) at Lawrence Livermore National Laboratory.  All established radiocarbon dates 
were calibrated using CALIB version 4.4.2 (Stuiver et al., 1998).  Two significant tephra 
layers were sent to Washington State University for identification by electron microprobe 
(Nelson et al., 2011).  The first of these tephras was identified as the MSH W tephra, 
which has been dated at 1480 AD (470 BP) by dendrochronology (Mullineaux, 1986).  
The second tephra is from the Mazama climactic eruption that created Crater Lake in 
Oregon 6,730 ± 40 14C yr BP (7,585 cal yr BP) (Hallett et al., 1997).  Lead-210 (210Pb) 
and Cesium-137 (137Cs) activity measurements were made at the Freshwater Institute at 
the University of Manitoba in Winnipeg, Canada (Nelson et al., 2011).   
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The dates generated using the 210Pb activities and the constant rate of supply 
(CRS) model, did not include the 137Cs peak at 1964.  Nelson et al. (2011) suggested it 
unlikely that the 137Cs was mobile in the sediment column given the laminated nature of 
the sediments and suggested a more likely explanation for the discrepancy between the 
137Cs and 210Pb dates is variation in supported 210Pb.  No proxy for supported 210Pb was 
measured (e.g., 226Ra); therefore, the average asymptotic value of 210Pb activity at depth 
was used as an estimate for supported 210Pb throughout the entire sequence, which may 
account for the age discrepencies (Nelson et al., 2011).  Furthermore, measuring bulk 
density accurately on a freeze core sample is difficult, and since the 210Pb CRS model 
relies heavily on bulk density, the results from the freeze core could be inaccurate.  Due 
to the ambiguous nature of the 210Pb profile, the 137CS profile was used instead for the 
final age model in the upper section of the Castor Lake sediment record (Nelson et al., 
2011).   
The 137Cs profile matched the typical pattern of increase through the 1950s to 
1964 AD, when atmospheric nuclear testing was banned and 137Cs levels began to 
decline.  A date of 1964 AD was assigned to the depth of the 137Cs activity peak, and a 
date of 1959 AD was assigned to the beginning of the 137Cs increase based on the shape 
of established atmospheric activity curves (Nelson et al., 2011).  A linear relationship was 
then assumed between sediment age and depth from the top of the sediment, through the 
two cesium-inferred dates (Nelson et al., 2011).  The assumed linearity over this interval 
is based on trends in sediment density, which change at the 1954 AD level, indicating a 
probable end to the linear relationship that was assumed to exist between age and depth in 
the upper ~50 years of the sediment (Nelson et al., 2011). 
The age control data (Table 3.1) were used to construct an age-depth model 
(Figure 3.4) on the basis of linear regression using control points (Nelson et al., 2011).  
Two radiocarbon dates were excluded from this model: 435 ± 40 14C yr BP and 6,720 ± 
80 14C yr BP.  In both cases the radiocarbon dates were in close proximity to the well-
dated tephra layers described above.  The first of these dates was excluded due to the 
close proximity to the very well-dated MSH W tephra.  The radiocarbon date does not 
contradict the age model, but accuracy was improved by using only the tephra age 
(Nelson, 2004).  The second excluded age lies approximately 20 cm below the Mazama 
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tephra, but was reported to be slightly younger (Nelson, 2004).  Given the very well 
established age of the Mazama tephra, Nelson (2004) suggested this age must have been 
contaminated with a small amount of modern 14C during sample preparation.   
 
Core 
Total 
Depth 
(cm) 
14
C age (
14
C 
yr BP) with 
error 
2σ Calibrated 
age range (cal 
yr BP) 
Median 
Calibrated 
or Best 
Age (cal 
yr BP) 
Type Material 
Lab 
Accession 
Number 
(
14
C) 
D-04 0 N/A N/A -55 Top N/A N/A 
D-04 6 N/A N/A -15 
137
Cs N/A N/A 
D-04 7.95 N/A N/A -10 
137
Cs N/A N/A 
D-04 8.5 N/A N/A -5 
137
Cs N/A N/A 
A-03 D1 41 435 +/- 40 328-540 490 
14
C Grass CAMS# 
104906 
A-03 D1 52 N/A N/A 470 Tephra Tephra N/A 
A-03 D1 93.75 1530 +/- 35 1334-1518 1415 
14
C Charcoal CAMS# 
104907 
B-03 D2 123 1890 +/- 35 1725-1919 1835 
14
C Pine 
Needle 
CAMS# 
104908 
B-03 D2 189 3385 +/- 35 3479-3715 3620 
14
C Charcoal CAMS# 
104910 
B-03 D3 214.4 4095 +/- 45 4442-4816 4610 
14
C Seed UCI# 7527 
B-03 D3 242.4 5160 +/- 100 5661-6173 5910 
14
C Charcoal CAMS# 
104909 
B-03 D3 262.4 5815 +/- 25 6502-6721 6630 
14
C Seed UCI# 7488 
B-03 D4 286.5 6730 +/- 40 7509-7654 7595 Tephra Tephra N/A 
B-03 D4 306.5 6720 +/- 80 7432-7682 7580 
14
C Seed CAMS# 
104911 
B-03 D4 342.5 9425 +/- 30 10557-11035 10650 
14
C Seed UCI#  
7490 
B-03 D5 364.5 10025 +/- 35 11259-11908 11465 
14
C Seed UCI# 7491 
B-03 D5 388.5 11020 +/- 35 12675-13169 13020 
14
C Seed UCI# 7493 
Table 3.1: Age control data for Castor Lake sediment record (Nelson et al., 2011).  Grey 
hatched data was excluded from the age model. 
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Figure 3.4: Age model for Castor Lake (Nelson et al., 2011).  Sediment ages were 
determined by radiocarbon, tephrochronology, and 137Cs analyses.  Ages shown with 2σ 
error range.  Open circles were used in the age model, whereas open squares were 
excluded.  Line fit through the upper 2000 year sequence shows the final age model used 
in this study.   
 
3.2.2 Sub-sampling 
Livingstone-piston sediment core B-03 drives one through five were sectioned at 
0.5 cm intervals on June 8-9, 2010 in the Sedimentology Geochemistry Laboratory at the 
University of Pittsburgh.  Outer sediment was scraped with a clean metal razor prior to 
sectioning.  Each interval was measured with a metre stick, cut with a clean metal razor 
and placed into Whirl-Pak® bags.  The metal razor was cleaned with deionized water and 
Kimwipes® between each interval.   
Interval 0 – 4 cm of freeze core D-04 was sectioned at 0.5 cm intervals and 
interval 48-52 cm was sectioned at 0.25 cm intervals on June 7-8, 2011 in the 
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Sedimentology Geochemistry Laboratory at the University of Pittsburgh.  The freeze core 
was placed on and covered with dry ice pillows (solid carbon dioxide (CO2) wrapped in 
tin foil) prior to and during sectioning.  Each interval was measured with a metre stick, 
cut with a clean metal razor heated with a Bunsen burner, and placed into Whirl-Pak® 
bags.  The metal razor was cleaned with deionized water and Kimwipes® between each 
interval.   
3.2.3 Samples 
Samples used for diatom and Chrysophecean stomatocyst (or cyst) counts from 
freeze core D-04 were at every 0.5 cm from 0-4 cm, every 0.25 cm from 4-14.5 cm, and 
every other 0.25 cm from 14.5-52 cm (Table 3.2).  An interval every 5 cm starting at the 
top of drive one of Livingstone-piston core B-03 that overlapped with freeze core D-04 (5 
samples spanning 1728-1510 AD) was used for diatom and Chrysophecean cyst counts  
to ensure consistency between cores.  Samples used for diatom and Chrysophecean cyst 
counts from Livingstone-piston core B-03 were at every 0.5 cm interval between 1471 
and 826 AD.  Prior to 826 AD, samples 747 AD, 634 AD, 588 AD, 577 AD, 566, AD, 
554 AD, 543 AD, 534 AD, 527 AD, 483 AD, 482 AD, 455 AD, 383 AD, 362 AD, 254 
AD, 182 AD, 104 AD, and 9 AD were counted. 
Core Core Depth (cm) Interval (cm) Age (AD) 
Freeze Core D-04 
0-4.0 Every 0.5 2004-1981 
4.0-14.5 Every 0.25 1979-1892 
15-52 Every other 0.25 1886-1482 
Livingstone Core B-03 Drive 1 
52-80 Every 0.5 1471-849 
84-84.5  747 
89-89.5  634 
91-94.5 Every 0.5 588-527 
Livingstone Core B-03 Drive 2 
97-97.5  483 
99-99.5  455 
104-104.5  383 
108-108.5  326 
113-113.5  254 
118-118.5  182 
123-123.5  104 
126.5-127  9 
Table 3.2: Core depths with corresponding age for analysis.  Dates were generated with 
the age model provided in Figure 3.4. 
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3.3 Paleolimnological Data 
3.3.1 Diatom Sample Preparation & Analysis 
Sediment samples from Castor Lake were prepared for diatom analysis in the 
Lake and Reservoir Systems (LARS) Research Facility at the University of Western 
Ontario following standard procedures reported in Battarbee et al. (2001).  One gram of 
wet sediment from each sub-sample was placed in a 20 mL glass scintillation vial with 
the addition of approximately 15 ml of 10% hydrochloric acid (HCl) to remove calcium 
carbonate.  Samples were left for 24 hours and subsequently aspirated. Immediately 
following aspiration a second addition of approximately 15 ml of 10% HCl was added to 
each vial to ensure complete removal of calcium carbonate.  Samples were left for 24 
hours and subsequently aspirated and washed using E-pure water (pre-treated with 
distillation followed by reverse osmosis).  Repeated washes with E-pure water were 
performed to ensure removal of the dissolved calcium to prevent precipitation of gypsum 
(CaSO4*2H2O) with later additions of sulphuric acid.  For each wash, the samples were 
aspirated following an overnight settling period in approximately 15 ml of E-pure water.  
A 50:50 molar mixture of sulphuric and nitric acid was added to the washed samples for 
24 hours to remove organic material.  The rate of reaction was increased using a hot water 
bath for three hours.  Again, the samples were left to settle for 24 hours followed by 
repetitive washing (12-14 times) with E-pure water until the samples were neutralized.  A 
vial containing only E-pure water underwent all the same procedures as a method of 
determining if contamination occurred during processing.  A drop of each slurry was 
added to a test tube and diluted with E-pure water.  The diluted solution was extracted 
and spread evenly over a cover slip (cleaned with ethyl alcohol and Kimwipes®) using a 
Pasteur pipette.  The slurry concentration was halved in volume with E-pure water and 
decanted on a separate cover slip. This was done three times.  The cover slips were left to 
dry for at least 24 hours on a slide warmer.  To ensure complete water removal, each 
cover slip was heated slightly prior to mounting on glass slides with a smear of Naphrax® 
or ZRAX® (high refractive index, R.I. = 1.7) mounting medium.   
Diatom identification was accomplished using a Leica® E-600 light microscope 
equipped with Nomarski DIC optics and 1000X magnification.  On each designated slide 
(Table 2.2), beginning at the centre of a vertical edge, a transect was counted to obtain a 
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minimum of 600 identified diatom valves per slide.  To ensure a representative and 
reproducible sample each count ended at precisely halfway or at the end of the transect.   
Diatom taxonomy from the PISCES project (Cumming et al., 1995) was followed 
to ensure consistent diatom taxonomy to this calibration set.  Diatom enumeration of 
species not identified in the PISCES project was based on Krammer & Lange-Bertalot 
(1986, 1988, 1991a, b).  
Digital photographs of diatom taxa not found in Cumming et al. (1995) that 
occurred with a relative abundance of ≥1% in at least three samples spanning 9-2004 AD 
were taken using a Retiqua® black and white digital camera (Appendix A).  
  Chrysophecean cysts were also counted, but not identified, on each slide 
enumerated for diatoms.  The ratio of Chrysophecean cysts to fossilized diatom frustules 
(C:D) can be used for inferring lakewater salinity (Garcia-Rodriguez, 2006) using the 
following equation: 
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3.4 Records 
3.4.1 Palmer Drought Severity Index (PDSI) 
The PDSI is calculated based on precipitation and temperature data and available 
water content of soil. From these inputs all the basic components of the water balance 
equation are determined, including evapotranspiration, soil recharge, runoff, and moisture 
loss from the surface layer (Palmer, 1965).  Complete descriptions of the equations can be 
found in Palmer (1965) and Alley (1984).  I choose the PDSI as the best proxy for 
drought to correlate with lakewater salinity because it is a measurement of moisture 
supply that takes into account many variables, and hence the complexity associated with 
effective moisture changes.  
There are two sets of PDSI data available for the Castor Lake region, grid point 43 
(GP 43) (central Washington State; 47.5ºN, 120º W) and Washington State climate 
(1) 
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division 6 (CD 6) (Cascade Mountains).  Correlation between the two data sets is 
significant as shown in appendix B.  The gridded data are interpolated single-station data 
using an inverse-distance weighted method (Cook et al., 1999). The climate division data 
are the mean of all stations within the defined geographic boundaries of the division 
(Cook et al., 1999).  Divisions can vary greatly in size because sometimes the boundaries 
are based on geographic features, but sometimes are based solely on political boundaries 
(Cook et al., 1999).  Because Washington State CD 6 is based on a geographic feature, 
the Cascade Mountains, it is likely a good representation of a single climate condition.  
The grid point data represent a 2.5° x 2.5° area, and not necessarily a single climate state.  
The larger grid point coverage PDSI also represents a regional measurement of PDSI, 
whereas the smaller climate division PDSI is more localized.   
 Instrumental record of PDSI spanning 1900-2003 AD and tree-ring reconstructed 
summer PDSI reconstruction spanning 530-2003 AD for GP 43 was retrieved from IGBP 
PAGES/World Data Center for Paleoclimatology (Data Contribution Series # 2004-045, 
NOAA/NGDC Paleoclimatology Program, Boulder CO, USA) (Cook et al., 2004a).  
Instrumental PDSI record of Washington State CD 6 spanning 1895-2011 AD (12-month 
average) was retrieved from the NOAA NCDC, Asheville, NC, USA (NOAA, 2011).  A 
nine-year running mean was calculated for all the PDSI data sets and used in the analysis. 
3.4.2 Temperature & Precipitation Weather Station Data 
 Castor Lake region weather station data were obtained from Steinman et al. 
(2010b).  Monthly precipitation and air temperature datasets spanning the periods 1900–
2007 AD and 1931–2007 AD were obtained from the Conconully and Omak NCDC 
weather stations, respectively, and synthesized by Steinman et al. (2010b) to produce 
final datasets.  Both of these weather stations are located within 14 km and ~300 m 
elevation of Castor Lake (Table 2.3).  To develop continuous century-long precipitation 
and temperature datasets, the Conconully and Omak weather station data were adjusted 
on the basis of strong linear correlations to data from a weather station installed at Castor 
Lake in May, 2006 (Steinman et al., 2010b).  The Conconully and Omak weather data 
sets are not continuous over the period 1900-2007 AD and were therefore combined (after 
applying linear adjustments using the Castor Lake data) to produce a continuous dataset 
for analysis (Steinman et al., 2010b). Uncertainty in climate datasets was estimated on the 
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basis of the 95% prediction limits of the linear regression equations relating climate data 
from different stations (Steinman et al., 2010b).  The reliance on the Conconully data to 
produce estimates for the 1900–1930 AD time period led to a relatively large uncertainty 
range in both precipitation and temperature over this interval (Steinman et al., 2010b).  
For example, the 95% prediction limit range of precipitation values between Conconully 
and Omak is ~25 mm; whereas the prediction limit range between Omak and Castor Lake 
is ~15 mm.  The sum of these two values (± 40 mm/month), was applied in the 1900–
1930 AD period to characterize the full range of potential uncertainty (Steinman et al., 
2010b).  Similarly, temperature values were most uncertain over the 1900–1930 AD 
period although no uncertainty was assumed thereafter due to the very strong correlation 
between temperature at Omak and Castor Lake (Steinman et al., 2010b).  For this study 
the 12-month mean and three seasonal means (i.e., November-February, March-June, 
July-October) were calculated for each year spanning 1900-2007 AD and a nine-year 
running mean of these values was used in the analysis.   
3.4.3 Lakewater Salinity 
Modern salinity was calculated based on PISCES (Cumming et al., 1995).  The 
sum of ions: Ca2+, Mg2+, K+, Na+, SO42-, DIC, and Cl- from water samples collected from 
Castor Lake in May and October 2006 were averaged to obtain a 2006 lakewater salinity 
value and in July and August 2007 were averaged to obtain a 2007 lakewater salinity 
value.   
 
3.5 Statistical Data Analysis and Presentation 
 
Data analysis was performed on two time periods:  1) the last 100 years (1892-
2004 AD) and 2) the last ~2000 years (9-2004 AD).  The first was done to test whether 
diatom-inferred salinity was related to drought and the second was used to reconstruct 
drought for the last 2000 years. Diatom data were screened for both time periods 
separately such that only dominant taxa (i.e., those taxa that exceeded 1% relative 
abundance in at least three samples (Wilson et al., 1994)) were included in statistical 
analysis.  Furthermore, only dominant diatom taxa found in the calibration training set 
41 
 
 
 
(PISCES project) (Wilson et al., 1996) were used in the salinity reconstructions to ensure 
accurate reconstructions.  The taxa eliminated were rare enough to have little impact on 
the predictive ability of the transfer function (Wilson et al., 1996). 
Stratigraphic profiles were created using the computer program TGView 2.0.2 
(Grimm, 2004).  Relative-abundance values for diatom taxa were calculated from raw 
counts.  The percentage of each taxon was calculated using the total number of 
individuals divided by the total number of all diatoms in the sample.  Diatom species 
were organized and grouped by salinity optima based on the classification used in the 
PISCES project (Cumming et al., 1995).  Also included were plots of diatom-inferred 
salinity, C:D values, and percentage of planktic diatoms.    
Main changes in diatom community composition were classified into zones based 
on presence, absence, and relative abundance of diatoms, diatom-inferred salinity, C:D, 
and percentage of planktic diatoms and verified using Constrained Incremental Sums of 
Squares (CONISS) cluster analysis (Grimm, 1987) in TGView 2.0.2.  Significance of 
zones was assessed against a model of random partitioning of the stratigraphical sequence 
using the broken-stick model4 (Jackson, 1993).  Four significant zones were delineated in 
the last 100 years (1892-2004 AD) data set, and five significant zones were delineated in 
the last 2000 years (9-2004 AD) data set. 
The computer program CANOCO for Windows version 4.02 (ter Braak & 
Smilauer, 1999) was used for all multivariate statistics including Detrended 
Correspondence Analysis (DCA) and Principal Components Analysis (PCA).  Species 
data were square-root transformed, to reduce the impact of extreme values and 
subsequently improve interpretability.  Square-root transformation is the best 
transformation to apply to count data (Lepš & Šmilauer, 2003).  DCA with detrending-
by-segments was performed to determine the gradient lengths of each of the first two 
axes, which estimate the heterogeneity in community composition and ultimately 
determines which ordination to perform (Lepš & Šmilauer, 2003).  The DCA gradient 
length was < 1.5; therefore, a PCA linear response curve was executed.  This is an 
                                                 
4
 Provides a precise indication of the number of significant partitions. The significant zones are simply 
those partitions that account for a portion of the variance greater than would be expected from the broken-
stick model for the same number of segments (Birks, 1998) 
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indirect gradient analysis (unconstrained ordination) used to help identify variables that 
best explain the species composition differences.  
3.5.1 Calibration Dataset 
Wilson et al. (1996) created a surface-sediment calibration data set (training set) 
consisting of 219 lakes from the Cariboo/Chilcotin region, Kamloops region, southern 
Interior plateau, and southern Rocky Mountain Trench (Figure 3.4).  The lakes range 
from subsaline through hypersaline.  Diatom assemblages preserved in the surface 
sediments (i.e., top 1-3cm, which represents the last few years of sediment accumulation) 
of each lake were identified and enumerated.  These sediments provide an integrated 
sample, in space and time, of the taxa that have accumulated over the previous few years 
(Wilson et al., 1996).  Present-day environmental data (physical, chemical, and biological 
variables) were also collected from each lake.  Multivariate statistical techniques were 
then used to determine which environmental variables were most influencing diatom 
community composition.  Salinity was determined to be an important variable in 
controlling spatial distribution of diatoms in the PNW (Wilson et al., 1996).  Transfer 
functions for salinity are derived from this training set to infer high-resolution changes in 
effective moisture from Castor Lake using weighted-averaging (WA) and modern 
analogue technique (MAT) in C2 Data Analysis Version 1.6.4 (build 1). 
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Figure 3.5: Map of southern British Columbia showing the four sampling regions and the 
number of lakes in each region that together comprise the initial 224 lakes sampled and 
the final 219-lake data set calibration training set PISCES (Wilson et al., 1996).  Lakes in 
BC were removed owing to an absence of diatoms in surface sediments (Wilson et al., 
1996).  The approximate location of Castor Lake is indicated by the red star. 
 
3.5.2 Salinity Inference Model 
Diatom-based salinity inference models (=transfer function) were developed using 
the 219-lake calibration dataset from the PISCES project (Wilson et al., 1996).  In Wilson 
et al. (1996) WA, WA with tolerance downweighting (WA(tol)), regression and calibration 
(Birks et al., 1990), and WA partial least squares (WA-PLS) (ter Braak & Juggins, 1993) 
were used to develop salinity models.  Previous work showed that simple WA models 
were superior to those based on WA-PLS (Wilson et al., 1994). Previous research also 
showed similar summary statistics for WA with inverse deshrinking, and also showed this 
model to be more robust compared to WA(tol) (Wilson et al., 1996).  
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C2 Data Analysis Version 1.6.4 (build 1) was used to create two diatom-inference 
salinity models: 1) WA with inverse deshrinking; 2) MAT using WA.  WA regression 
and calibration is an effective and widely used statistical method for reconstructing 
environmental variables (Battarbee et al., 1999).  The WA regression and calibration 
approach assumes unimodal relationships between the inferred variable (i.e., salinity) and 
diatoms (Battarbee et al., 1999).  In WA it is assumed that, at a given salinity value, taxa 
that have optima nearest to that salinity will be most abundant (Battarbee et al., 1999).  
The salinity optimum for a taxon would then be an average of all the salinity values of 
lakes in the training set in which the taxon occurred, weighted by its relative abundance 
(Battarbee et al., 1999).  Computed salinity optima of various taxa are then used to infer 
salinity by taking an average of the taxa abundances in a sample, each weighted by its 
salinity optimum (Battarbee et al., 1999).  MAT estimates salinity based on the weighted 
average of the 10 closest modern analogues to a fossil assemblage (Birks, 1998). The 
calibration set environmental data underwent log-transformation because the 
environmental variables did not have a uniform scale (Lepš & Šmilauer, 2003).  Similar 
to the fossil diatom data set, species data were square-root transformed, to reduce the 
impact of extreme values and subsequently improve interpretability (Lepš & Šmilauer, 
2003).   
In this research I compared the MAT to the best WA model.  Low RMSEboot and 
high coefficient of determination (r2) between measured and inferred salinity was used to 
select the optimal model.   
Pearson product-moment correlations were used to evaluate the relationship 
between the two salinity reconstructions in this study and the PCA axis 1 (PC1).  The 
lowest identical LOWESS degree of smoothing (0.1 α) was applied to diatom-inferred 
salinity reconstructions and PC1to help assess the relationship without distorting the 
underlying pattern in the data (Birks, 2010).  The significance of the Pearson's correlation 
coefficient was evaluated with a t-test where the degree of freedom was corrected for 
autocorrelation (Birks, 2010).  
   
 
45 
 
 
 
CHAPTER 4 
RESULTS 
 
4.1 Can Diatoms be used to Infer Drought at Castor Lake? 
4.1.1 Castor Lake Diatoms for the Last 100 Years  
One hundred and seventy-four diatom taxa were identified and enumerated in the 
198 samples investigated from Castor Lake.  Fifty-six diatom taxa occurred with a 
relative abundance of ≥1% in at least three samples spanning 1892-2004 AD.  Sixty-nine 
diatom taxa occurred with a relative abundance of ≥1% in at least three samples spanning 
9-2004 AD.  The aforementioned diatom taxa were used in statistical analyses and 
inference-model development.  Appendix C lists the 69 diatom species, their 
corresponding authorities, and salinity optimum, minimum, and maximum reported in the 
PISCES project (Wilson et al., 1996).  Because diatom authorities are included in 
appendix C they are not provided in the text.   
A stratigraphic plot shows 33 taxa that by presence, absence, and abundance, 
showed clear stratigraphic changes in the 100 year record (Figure 4.1). Diatom taxa were 
grouped using salinity optima based on Cumming et al. (1995), i.e., diatoms with a 
salinity optimum greater than 50 g/L are hypersaline, between 50 and 20 g/L are 
mesosaline, between 20 and 3 g/L are hyposaline, between 3 and 0.5 are subsaline and < 
0.5g/L are freshwater. Four significant diatom zones were identified in the last 100 years 
(Figure 4.1), which are described below.  
Zone 1 spanned from 1892 to 1914 AD.  This zone was characterized by 
hyposaline and subsaline diatom species (e.g., Cymbella pusilla, which is usually found in 
carbonate- and sulphate-rich waters (Cumming et al., 1995), Navicula veneta, 
Anomoeoneis sphaerophora, which is often associated with high pH and carbonate-rich 
waters (Cumming et al., 1995), Cymbella sp. 1 PISCES, Craticula halophila fo. 2 
PISCES, Pinnularia microstauron, Cymbella cf. angustata, and Navicula libonensis).  
This zone was characterized by a low Chrysophyte cyst to diatom ratio (C:D) and a low 
abundance of planktic diatoms. 
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Zone 2 extends from 1916 to 1944 AD.  This zone was distinguished from zone 1 
by a decline and near disappearance of hyposaline and subsaline species and an increase 
in a hypersaline and a mesosaline diatom, Nitzschia cf. communis, which is typical of 
high phosphorus and nitrogen systems (Cumming et al., 1995), and Nitzschia frustulum, 
respectively.  Although two saline diatom species increased, this zone was mainly 
distinguished by an increase in several low saline and freshwater species, including 
Nitzschia amphibia, Achnanthes minutissima, Amphora libyca, and Brachysira vitrea.  
This zone was further defined by the appearance of freshwater Cocconeis placentula var. 
euglypta and, Fragilaria taxa, Fragilaria cf. tenera and Fragilaria capucina complex.  A 
decline in most saline diatoms and an increase in several freshwater species indicated 
decreasing salinity.  Low levels of C:D and the percentage of planktics persisted.  
Zone 3 spanned the period from 1946-1964 AD.  The onset of this zone was 
marked by a peak in planktic diatoms, particularly Fragilaria nanana. Such a change can 
be indicative of rising water levels (Wolin & Duthie, 1999) or an increase in nutrients 
(Brugam, 1988).  Generally, however, this zone was separated from zone 2 by a decline 
in low saline and freshwater species, Nitzschia amphibia, Amphora libyca, and 
Brachysira vitrea and an increase and/or appearance of subsaline species, Entomoneis 
paludosa, Diatoma tenue var. elongatum, and Nitzschia palea and freshwater species 
Cymbella microcephala. Although a salinity optimum is not reported for Nitzschia 
valdestriata in Cumming et al. (1995), it is known to occur in both fresh and brackish 
waters and to be tolerant of high nutrient loadings.  The C:D remained relatively low at 
the beginning of this zone. Taken together, these results suggested changes in salinity 
from the previous zone were relatively small. 
Zone 4 extended from 1965-2004 AD.  This zone was characterized by the near 
disappearance of freshwater diatom Nitzschia valdestriata and the hypersaline/mesosaline 
diatoms, Nitzschia cf. communis and Nitzschia frustulum, and an increase in hyposaline 
diatom, Cymbella pusilla, and subsaline diatoms, Cymbella sp. 1 PISCES, Craticula 
halophila fo. 2 PISCES, Mastogloia smithii, Cymbella cymbiformis var. nonpunctata, and 
Cymbella cf. angustata.  This zone was indicative of increasing salinity.  Furthermore, a 
change to more oligotrophic (nutrient-poor) conditions was suggested by an increase in 
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C:D values (Smol, 1985) coincident with a decrease in the percentage of planktics 
(Brugam, 1988; Wolin & Duthie, 1999). 
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Figure 4.1:  Diatom stratigraphy from 1892-2004 AD showing relative abundance of most important taxa, Chrysophecean cyst to diatom frustule 
(C:D) ratio, percentage of planktic diatoms, diatom-inferred salinity using weighted-averaging and significant diatom zones based on CONISS 
cluster analysis.  Diatom species are organized and grouped by salinity optima based on Cumming et al. (1995). Red = 
Hypersaline/Mesosaline/Hyposaline ( > 50-3 g/L); Orange = Subsaline (3-0.5 g/L); Blue = Freshwater (< 0.5 g/L); Black = Unknown salinity 
optima.
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4.1.2 Diatom-Inference Models of Salinity: Weighted-Averaging (WA) vs. Modern 
Analogue Technique (MAT) 
Several approaches were used to assess model performance including: 1) 
summary statistics of salinity reconstructions compared with calibration training set 
PISCES; 2) comparison of inferred salinity to PCA; 3) comparison of inferred values to 
actual salinity measurements at Castor Lake, and 4) comparison of inferred values to 
PDSI. Based on the summary statistics the best diatom-inferred salinity model was 
determined using WA with inverse deshrinking because it had the highest r2 and lowest 
root mean squared error of prediction (RMSEP) (Table 4.1).  
 
  
Salinity-Inference Model r2 RMSEP (mg/L) 
1 Weighted-Averaging (WA) (inverse deshrinking) 0.92 0.33 
2 
Modern Analogue Technique (MAT) 
(weighted average of 10 closest 
analogues) 
0.85 0.43 
Table 4.1: Performance statistics of diatom-inference salinity models compared with 
calibration training set PISCES; 1) Weighted-averaging using inverse deshrinking; 2) 
Modern analogue technique using weighted-averaging. 
 
Although the best model based on the summary statistics was WA with inverse 
deshrinking, salinity reconstructions for the last 100 years generally showed similar 
trends  regardless of which model was used (Figure 4.2; Table 4.2). The Pearson 
correlation coefficient between the WA and MAT salinity reconstruction was significant 
(Table 4.2), which suggested that both models were tracking changes in the same 
variable. PCA sample scores on the first axis (PC1) summarize diatom community 
changes, and it has been suggested that significant correlation between PC1 and inferred 
environmental values indicates that changes in diatom community composition are being 
controlled by that variable (Birks, 1998).  The correlation between sample scores on PC1 
and the salinity reconstruction based on WA was significant (P<0.01), but the correlation 
between PCA sample scores and MAT-inferred salinity was not (Table 4.2). This 
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suggested that the MAT model was reflecting a variable related to salinity, but that is not 
affecting diatom community composition.  
 
 
 Figure 4.2: Diatom-inferred salinity for the last 100 years.  Diatom-inferred salinity 
(mg/L) based on weighed averaging (WA) using inverse deshrinking and modern 
analogue technique (MAT), and Principal Components Analysis axis one (PC1) sample 
scores from 1892 to 2004 AD.  Solid black lines = lowest identical LOWESS degree of 
smoothing (0.1 α) to help assess the relationship without distorting the underlying pattern 
in the data (Birks, 2010).  The x-axes were scaled to show increasing aridity to the right. 
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Variable 
Pearson 
Correlation 
(r-value) 
Confidence 
(p-value) 
WA & MAT 0.544049 <0.0001 
WA & PC 1 0.43727 <0.01 
MAT & PC 1 0.17369 >0.1 
Table 4.2: Comparison of diatom-inferred salinity model summary statistics.  Pearson 
correlation coefficient (r-value) and corresponding confidence (p-value) between diatom-
inference salinity models weighted-averaging (WA), modern analogue technique (MAT) 
and Principal Components Analysis axis 1 (PC1) sample scores.  
 
Another approach to testing different statistical models is to compare inferred 
values to actual measurements. Unfortunately, at Castor Lake actual salinity measures 
were only available for years when no sediments were collected. Despite this, some 
comparisons were possible. To provide a basis for comparison of model-inferred salinity 
to actual salinity, modern day lake salinity was first compared to instrumental PDSI from 
Washington State climate division 6 (CD 6), which is available for all years (Table 4.3).  
In 2007, lakewater salinity was 3151 mg/L and PDSI was -1.11.  In 2006, lakewater 
salinity decreased to 2541 mg/L, and correspondingly PDSI increased to +0.11. This 
would be expected, since the positive PDSI indicates wetter conditions, which should 
result in lower salinity. In 2004, when no lakewater salinity measurements were made, 
WA and MAT models computed diatom-inferred salinity of 1908 mg/L and 3920 mg/L, 
respectively. In 2004, PDSI decreased to -2.86.  Because the 2004 PDSI value was lower 
than the 2007 value, salinity was expected to be greater in 2004 than in 2007.  The MAT 
model gave a greater value for salinity in 2004, but the WA model was lower (Table 4.3).  
This suggested that the MAT model was better at inferring absolute values than the WA 
model, but not necessarily capturing the trends.   
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  Salinity (mg/L) PDSI 
Year Lake water WA MAT CD 6 
2007 3151* -- -- -1.11 
2006 2541* -- -- 0.11 
2004 -- 1908 3920 -2.86 
*calculated using water samples collected by the University of Pittsburgh 
-- unavailable data because sediments not collected in these years 
 
Table 4.3: Modern salinity and PDSI values for 2007, 2006, and 2004.  Modern salinity 
(mg/L) determined from water chemistry and diatom-inference models (weighted-
averaging (WA) and modern analogue technique (MAT)) and annual instrumental PDSI 
Washington State climate division 6 (CD 6) values. 
 
These differing results led to ambiguity regarding which model, WA or MAT, 
was better. Therefore, salinity reconstructions spanning 1892-2004 AD determined using 
each model were compared to the instrumental record of PDSI from CD 6 (Figure 4.3).  
Both models generally tracked annual instrumental PDSI, although for the most recent 
~20 years both records showed an inverse relationship with PDSI, which could suggest 
that diatoms were being more affected by a variable other than salinity. The lack of 
correlation between each of the models with PC1 sample scores during this same time 
interval (WA, r= 0.18, p= <0.70; MAT, r= 0.05, p= <0.92) (Figure 4.2) also suggests that 
salinity is not controlling diatom community composition at this time. An important 
distinction between the two model results was the difference between absolute salinity 
values. The WA model had a much smaller range of values (~800-2000 mg/L); whereas 
the MAT model had a greater range (~1500-6000 mg/L).  This was not surprising given 
that the WA model under-estimated modern values as well.  
Although the absolute values of reconstructed salinity may be under-estimated by 
WA, both models captured the general instrumental PDSI trends (Figure 4.3). This was 
further supported by a comparison of the two salinity reconstructions to lake level 
changes noted in aerial photographs (Figure 4.4 and Figure 2.3) and major regional 
hydrologic events reported in Herweijer et al. (2007). Based on all five available aerial 
photos, two dry years (2006 and 1945) (black triangles) and three wet years (1998, 1991, 
and 1952) (blue squares) were identified (Figure 4.3).  From Herweijer et al. (2007), two 
extended dry periods (brown shading) and one extended wet period (blue shading) were 
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identified (Figure 4.3).  The wet event in 1952 occurred during the regional 1950-1957 
wet period identified in Herweijer et al. (2007).  All of the wet events identified in the air 
photos were less saline than all of the drier periods in the WA model but not in the MAT 
model.  Based on both salinity reconstructions and PDSI record, the 1950-1957 wet 
period from Herweijer et al. (2007) was the wettest period of the last 100 years.  The 
severity of the dry events (brown shading in Figure 4.3), indicated by Herweijer et al. 
(2007), however, appeared to be under-estimated by the salinity model, but also by the 
CD 6 PDSI record.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
Figure 4.3: Diatom-inferred salinity
Weighted-averaging (WA) and b) Modern analogue technique (MAT) diatom
salinity (mg/L) compared with
Washington State climate division 6
aridity to the right.  Black triangles = 2006 
lake levels than 2006 based on aerial photographs (Figure 4.4 and Figure 2.3). 
based on major events reported in Herwei
Blue shade = wet periods.
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Figure 4.4: Aerial photographs of Castor Lake, from left, 1945 AD, 1991 AD, and 1998 
AD, respectively (Google Earth, 2012). 
 
In summary, the best diatom-inference salinity model based on predictive ability 
(RMSEP), correlation between measured (calibration training set, PISCES) and inferred 
salinity (r2), and correlation with PC1 sample scores was WA (Table 4.1; Table 4.2, 
respectively).  The best model based on modern absolute salinity values was MAT, and 
both models had similar results compared to instrumental PDSI from CD 6, although WA 
salinity was a better indicator of known wet and dry events.  Based on these results, I 
chose the WA for the rest of this study. 
 
4.2 Hydrologic Inference Based on Diatoms Compared to Other Proxies  
 
The oxygen isotope composition of aragonite (δ18Oaragonite) in lake sediments, 
another drought proxy, were measured by the University of Pittsburgh (Nelson et al., 
2011).  Diatom-inferred salinity did not track δ18Oaragonite (Figure 4.5).  Although these are 
both drought proxies they did not correlate because they are related to two different 
components of drought; diatom-inferred salinity was more strongly related to temperature 
(Figure 4.6a) and δ18Oaragonite was more strongly related to precipitation (Figure 4.6b).   
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Figure 4.5: δ18Oaragonite (‰VPDB) compared with weighted-averaging (WA) diatom-
inferred salinity (mg/L) for the last 100 years.  The x-axes were scaled to show increasing 
aridity to the right. 
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Figure 4.6: Diatom-inferred salinity compared with spring temperature and δ18Oaragonite  
compared with winter precipitation for the last 100 years.  Qualitative analysis of the 
relationship between climate variables and each indicator was assessed by visual 
inspection and shown in appendix D.  a) Weighted-averaging (WA) diatom-inferred 
salinity (mg/L) compared with Castor Lake region weather station mean March to June 
air temperature (°C) 1900-2007 9-year running mean; b) δ18Oaragonite (‰VPDB) compared 
with Castor Lake region weather station mean November to February precipitation (mm) 
1900-2007 9-year running mean.  The x-axes were scaled to show increasing aridity to 
the right.  Temperature and precipitation data developed from Conconully and Omak 
NCDC weather station data adjusted on the basis of strong linear correlations to the 
Castor Lake base station.   
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Diatom-inferred salinity tracked instrumental PDSI from CD 6 (Figure 4.3a) and 
δ
18Oaragonite generally tracked instrumental PDSI from grid point 43 (GP 43) (Figure 4.7a).  
Qualitative analysis of the relationship between diatom-inferred salinity and PDSI was 
assessed by visual inspection in appendix E.  The relationship between δ18O
 aragonite and 
instrumental PDSI from CD 6 was not as strong as the relationship between δ18O
 aragonite 
and instrumental PDSI from GP 43 (Figure 4.7b).  This discrepancy resulted from the 
differing areas encompassed in each PDSI record. GP 43 is a regional grid square of 
central Washington, whereas CD 6 is a more localized area bounded by the East Cascade 
Range and encompassing an area in the rain shadow of the Cascade Mountains. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
59 
 
 
 
 
 
 
 
  
Figure 4.7: δ18Oaragonite compared with instrumental PDSI for the last 100 years.  a) 
δ
18Oaragonite (‰VPDB) compared with instrumental PDSI from grid point 43; b) 
δ
18Oaragonite (‰VPDB) compared with instrumental PDSI from Washington State Climate 
Division 6.  The x-axes were scaled to show increasing aridity to the right. 
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4.3 Determining Millennial Records of Drought 
4.3.1 Castor Lake Diatoms for the last 2000 Years  
A stratigraphic plot shows 23 taxa that by presence, absence, and abundance, 
showed clear stratigraphic changes in the 2000 year record.  Five significant zones were 
identified in the last 2000 year diatom stratigraphy (Figure 4.8), which are described 
below.  Similar to the stratigraphic plot showing the last 100 years (Figure 4.1), diatom 
taxa were grouped using salinity optima based on Cumming et al. (1995).  
Zone 1 extended from 9 to 356 AD.  This zone was characterized by subsaline 
species, Cyclotella michiganiana (planktic) and Nitzschia palea, and freshwater 
Fragilaria cf. tenera and Fragilaria nanana. These taxa suggested moderate salinity 
levels.  This zone was characterized by low C:D values and low abundances of planktic 
diatoms. 
Zone 2 spanned the time period from 356 to 855 AD.  This zone was 
characterized by a decrease in subsaline Cyclotella michiganiana and an increase in 
freshwater species, Fragilaria nanana (planktic) and Fragilaria cf. tenera (benthic).  In 
general these changes would indicate fresher water. A change occurred approximately 
half way through this zone (~600 AD), which was marked by a decrease in Fragilaria 
nanana abundance, which resulted in a decrease in the abundance of planktic diatoms.  
At the same time the C:D values increased.  Oligotrophic (nutrient-poor) conditions are 
suggested by an increase in C:D values (Smol,1985) coincident with a decrease in the 
abundance of planktic diatoms (Brugam, 1988; Wolin & Duthie, 1999). 
Zone 3 began in 855 AD and ended in 1375 AD.  This zone was roughly 
coincident with the MCA (800-1300 AD) and was primarily characterized by consistently 
high abundances of planktic diatoms, particularly freshwater Fragilaria nanana and 
subsaline Cyclotella michiganiana. From 980-1200 AD thycoplanktonic, freshwater 
Cyclotella stelligera increased dramatically, which could have been indicative of a brief 
freshening event. It could have also indicated nutrient inputs (Schelske et al., 1974) or a 
longer ice-free period and/or enhanced thermal stratification (Ruhland et al., 2003).  For 
all of zone 3, an increase in nutrients was suggested by low C:D values (Smol, 1985) 
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coincident with increased abundance of planktic diatoms (Brugam, 1988; Wolin & 
Duthie, 1999).   
Zone 4 spanned from 1375-1871 AD, which was roughly coincident with LIA 
(1400-1850 AD). This zone is characterized by high variability. This was obvious in 
several variables, including C:D, percentage planktics, and diatom-inferred salinity.  This 
zone was characterized by a decrease in freshwater Fragilaria nanana and Fragilaria cf. 
tenera. Several benthic diatoms, both saline and freshwater taxa, increased in zone 4. In 
general, this zone was distinguished by an increase in diatom diversity. Hypersaline, 
hyposaline, and subsaline species, Nitzschia cf. communis, Cymbella pusilla, Navicula 
veneta, Cymbella sp. 1 PISCES, Craticula halophila fo. 2 PISCES, Cymbella 
cymbiformis var. nonpunctata, Cymbella cf. angustata, and Navicula libonesis increased, 
and freshwater diatoms, Navicula oblonga, Achnanthes minutissima, Brachysira vitrea, 
and Cyclotella stelligera increased. These changes likely represented an increase in 
salinity because many of the freshwater diatoms that increased also have broad tolerances 
to salinity.  Diatoms with unknown salinity optima, Caloneis silicula and Caloneis tenuis 
also increased.   
Zone 5 represented the samples shown in Figure 4.1 and extended from 1871-
2004 AD.  This zone was characterized by a near disappearance of Cyclotella 
michiganiana  and freshwater Cyclotella stelligera, and an increase in mesosaline and 
subsaline species, Nitzschia frustulum, Navicula veneta, Diatoma tenue var. elongatum, 
Craticula halophila fo. 2 PISCES, Cymbella cymbiformis var. nonpunctata, Cymbella cf. 
angustata, and Nitzschia amphibia.  This zone was further defined by the appearance of 
freshwater Fragilaria capucina complex.  A lower lake level was indicated by a decrease 
in C:D values (Garcia-Rodriguez, 2006) and the abundance of planktic diatoms (Wolin & 
Duthie, 1999).  Taken together, these changes indicated a further increase in lakewater 
salinity. 
62 
 
 
 
 
 
Figure 4.8: Diatom stratigraphy from 9-2004 AD showing relative abundance of most important taxa, Chrysophecean cyst to diatom frustules 
(C:D) ratio, percentage of planktic diatoms, diatom-inferred salinity based on weighted-averaging and significant diatom zones based on CONISS 
cluster analysis.  Diatom species are organized and grouped by salinity optima based Cumming et al. (1995). Red = 
Hypersaline/Mesosaline/Hyposaline (> 50-3 g/L); Orange = Subsaline (3-0.5 g/L); Blue = Freshwater (< 0.5 g/L); Black = Unknown salinity 
optima.
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In general, the changes in diatom species predicted the results of the salinity 
model.  Zone 1 was characterized by moderate salinity levels, and was followed by 
decreasing salinities in zone 2 and zone 3.  Zone 4 was characterized by a consistent 
increase in salinity, and was followed by further increasing salinity to an unprecedented 
high in zone 5.  Neither the C:D values or the abundance of planktic diatoms were 
associated with changing salinity; however, both of these indices showed an increase in 
variability during the LIA that was also observed in the diatom-inferred salinity record.  
In order to determine whether diatom species composition change was related to 
changes in lakewater salinity, PC1 sample scores were compared to diatom-inferred 
salinity (Figure 4.9) (Birks, 1998).  Generally, PC1 sample scores tracked diatom-inferred 
salinity showing that salinity was influencing diatom species composition (r = 0.87; 
p<0.01) (Figure 4.9).    
The reliability of each reconstructed salinity value was assessed using the 
percentage of taxa in the fossil sample that occur in the modern PISCES calibration data-
set (Wilson et al., 1996).  Experiments by Birks (1998) suggest that a reconstruction with 
> 95% of fossil taxa found in the modern data-set is likely to be very reliable; 95-90% is 
likely to be reliable; 90-75% may be reliable, and < 75% is likely to be unreliable.  For 
the reconstructions represented here, 146 samples were ‘very reliable’ (> 95%), 48 were 
‘reliable’ (95-90%) and four ‘may be reliable’ (1717-1713 AD, 1712-1707 AD, 1641-
1636 AD, and 1553-1549 AD) (Figure 4.10).   
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Figure 4.9: Diatom-inferred salinity compared with Principal Components Analysis axis 
1 sample scores for the last 2000 years.  Diatom-inferred salinity (mg/L) based on 
weighted-averaging (WA) using inverse deshrinking and Principal Components Analysis 
axis one (PC1) sample scores from 9-2004 AD. 
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These results, along with my previous findings, based on the 100-year record, 
suggest that diatom-inferred salinity for the last 2000 years provides a realistic depiction 
of drought over time, and should reflect changes in moisture availability, particularly 
local variations occurring with increased evaporation. 
 
Figure 4.10: Percent of Castor Lake fossil diatom taxa from 9-2004 AD found in modern 
calibration dataset PISCES salinity model.  Blue solid line: percent of Castor Lake fossil 
diatom taxa found in calibration dataset; Black solid lines, from left: 75%, 90%, and 95%, 
respectively. 
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4.3.2 Changes in drought over time 
Diatom-inferred salinity reconstructions from 9-2004 AD showed drought and 
pluvial periods (> one standard deviation from the mean) for the last ~ 2000 years (Figure 
4.11a).  The last ~ 450 years were exceptionally dry and the last ~ 150 years were the 
driest on record, often greater than one standard deviation from the mean.  Periods 
identified as pluvial included 383-483 AD, 554-849 AD, 950-1143 AD, 1120-1256 AD, 
and 1256-1369 AD.  The LIA (1400-1850 AD) was generally dry and the MCA (800 to 
1300 AD) was wet.   Comparison of the diatom-inferred salinity reconstruction to GP 43 
tree-ring reconstructed PDSI showed little similarity (Figure 4.11a, b). 
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Figure 4.11: Diatom-inferred salinity for the last 2000 years and grid point 43 PDSI tree-
ring reconstruction from 2003-530 AD.  a) Diatom-inferred salinity (mg/L) based on 
weighted-averaging (WA) using inverse deshrinking from 9-2004 AD.  Solid black line = 
mean salinity calculated using all inferred salinity values from 9-2004 AD; Dashed black 
lines = one standard deviation from mean.  Brown outline = Little Ice Age (LIA) (1400-
1850 AD); Blue outline = Medieval Climate Anomaly (MCA) (800-1300 AD); b) PDSI 
grid point 43 (GP 43) reconstruction (Cook et al., 2004a) 20-yr low-pass filtered. 
0
500
1000
1500
2000
0 500 1000 1500 2000
A
g
e
 (
y
e
a
rs
 A
D
)
DI-Salinity (mg/L)
WA Diatom-Inferred Salinity 
0
500
1000
1500
2000
-2 0 2
A
g
e
 (
y
e
a
rs
 A
D
)
PDSI
Grid Point 43 PDSI tree-ring 
reconstruction
LIA 
MCA 
a) b) 
MCA 
LIA 
68 
 
 
 
CHAPTER 5 
DISCUSSION 
 
5.1 Salinity Model – Evaluation of Weighted-Averaging (WA) vs. Modern 
Analogue Techniques (MAT)  
 
In my research I compared salinity reconstructions based on WA and MAT. The 
best model was WA with inverse deshrinking, which had the lowest predictive error 
(RMSEP), highest correlation between measured and inferred salinity (r2) and highest 
correlation with PC1 sample scores.  
There are few paleolimnological studies that have compared environmental 
reconstructions based on different inference models (Birks, 1998).  Studies have 
compared reconstructions based on WA, and WA using partial least squares (WA-PLS) 
and have found that the lowest prediction error is obtained using WA, with or without 
tolerance downweighting (Korsman & Birks, 1996). However, WA-PLS out-performs 
WA for lakes that have a high relative abundance of the most dominant taxa and 
correspondingly low sample heterogeneity (Korsman & Birks, 1996).  Wilson et al. 
(1994) and Wilson et al. (1996) compared salinity reconstructions based on WA, 
weighted-averaging with tolerance downweighting (WA(tol)), and WA-PLS with various 
deshrinking techniques and found that the best model was WA using inverse deshrinking.  
MAT performance has been compared with other reconstruction techniques, including 
partial least squares (PLS), WA, and WA-PLS using a training set of modern chironomids 
from North America and Europe (Lotter et al., 1999).  Few studies, however, have 
compared reconstructions based on WA and MAT using a training set of modern diatoms 
(Birks, 1998).  Although in this research I found that WA was the best model based on 
summary statistics, other studies have indicated several advantages of MAT.   
MAT provides an easy method of reconstructing environmental variables from 
fossil assemblages (Birks, 1998), and is well suited to linear response data (ter Braak, 
1995).  MAT also overcomes “edge effects” of WA that result in the inevitable over-
estimation (under-estimation) of optima at the low (high) end of the gradient of interest. 
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Consequently, edge effects result in a bias in the inferred values and hence in the 
residuals (Birks, 1998).  In order to reduce these “edge effects” in WA, deshrinking 
techniques are used. WA-calibration techniques using an inverse deshrinking approach 
generally perform better than techniques using the classical deshrinking approach.  For 
example, Wilson et al. (1994) found that WA using inverse deshrinking gave the best WA 
model.  In the classical approach responses of the taxa are modelled as a function of the 
environment and may perform better at the extremes of the calibration dataset and under 
some extrapolation such as in ‘no-analogue’ situations5 (Birks, 1998).  The inverse 
approach estimates the inverse function directly from the modern calibration data by 
regression of the environment on the taxa and may perform best if the fossil samples are 
similar in composition to samples in the central part of the calibration data (Birks, 1998).   
Where MAT models did perform better was in terms of associations between 
reconstructed salinity to absolute salinity and PDSI measures. Here MAT models seemed 
to be more accurately reflecting the absolute values. This is because WA uses the 
optimum and tolerances of all species to compute the final salinity value, whereas MAT 
simply takes the average of the 10 closest analogues.  Therefore, when the analogues are 
similar MAT should provide a closer approximation of the salinity value.  When non-
analogue situations exist, however, WA should outperform MAT.   
 
5.2 How well does the Salinity Model Track Drought?  
 
Although Castor Lake diatom-inferred salinity, using either WA or MAT, for the 
last 100 years does not track the instrumental, regional GP 43 PDSI, there is a negative 
relationship with the Washington State CD 6 PDSI data, indicating that diatom-inferred 
salinity is a reliable proxy for local drought conditions in the Cascade Mountain region of 
the PNW.  Interestingly, unlike the diatom-inferred salinity, the oxygen isotope data 
tracks the regional GP 43 PDSI better than the more local CD 6 PDSI record.  Because 
PDSI values are derived from measurements of a variety of climate variables, i.e., 
precipitation, air temperature, and local soil moisture (Palmer, 1965), different proxies 
                                                 
5
 none of the modern training set assemblages are similar in composition and relative abundances to the 
fossil assemblages 
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may more strongly track particular variables that comprise the PDSI measurements.  
Furthermore, the spatial-scale represented by different PDSI data can influence the degree 
of correlation between a proxy and PDSI measure.   
Differences in the seasonal sensitivities of diatoms and lake sediment oxygen 
isotope data may also influence the degree of correlation between proxies and different 
PDSI measurements. For example, the oxygen isotope composition reflect larger-scale air 
mass changes (Nelson et al., 2011) and are primarily controlled by variability in 
catchment runoff resulting from precipitation (rain/snowfall) during colder seasons (i.e., 
November-February – see Figure 2.4) when evapotranspiration rates are low (Steinman et 
al., 2012). Conversely, diatoms are responsive to changes in salinity, which are more 
closely tied to timing and amount of spring (March to June) thaw and evaporation, which 
would be related to spring temperatures (Figure 4.6a).  The majority of the water 
availability during this season is transferred from cool season precipitation (snowpack) as 
snowmelt in the PNW, which would be strongly tied to spring temperatures (Hamlet, 
2003). Lower spring temperatures would result in longer storage of snowpack moisture 
and a delayed release of dilute water until summer when evaporative forcing would be 
greatest. This late release would keep lakewater fresher and salinity lower.  Conversely, 
higher spring temperatures, would lead to earlier melt releasing stored water well before 
maximum evaporative forcings. Therefore, there would be no “salinity buffer” later in the 
season to maintain freshwater conditions.   
This work shows that by using a multi-proxy approach more than one component 
of the PDSI can be determined and a greater understanding of past climate conditions can 
be provided. For example, tree-ring reconstructed drought data potentially provides 
summer (June-July-August) average PDSI (Cook et al., 1999), oxygen isotope data 
provides information on winter precipitation and diatom-inferred salinity can be used to 
determine spring temperatures and snowmelt inputs.  
High salinity periods (e.g., early 1980s) are characterized by warm spring 
temperatures (early ice off and snow melt) and low to moderate precipitation (Figure 5.1).  
Low salinity periods (e.g., 1945-early 1960s) are characterized by moderate to low spring 
temperatures and moderate precipitation (Figure 5.1).  Thus it can be inferred in the 2000-
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year record of diatom-inferred salinity that periods of high salinity were likely those with 
warm temperatures and low to moderate precipitation and periods of low salinity were 
likely those with low temperatures and moderate precipitation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
Figure 5.1: Comparison of diatom
precipitation for the last 100 years
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make sample interval similar to diatom
station mean annual precipitation (mm) 1900
mean. Temperature and precipitation data 
weather station data adjusted on the basis of strong linear correlations to
base station; b) Weighted
the x-axes were scaled to show increasing aridity
precipitation, high temperature, high salinity; Blue shadi
temperature, low salinity. 
3035
1880
1900
1920
1940
1960
1980
2000
2020
8.5 9.5
A
g
e
 (
y
e
a
rs
 A
D
)
Temperature (
Castor Lake Region Mar
Temperature compared with Mean Annual 
Precipitation
Precipitation
a)
 
-inferred salinity, spring temperatures and annual 
. a) Castor Lake region weather station mean March to 
-2007 smoothed using a 9-year running mean in order to 
-inferred salinity and Castor Lake region weather 
-2007 also smoothed using a 9
developed from Conconully and Omak NCDC
 
-averaging (WA) diatom-inferred salinity (mg/L).  On all figures 
 to the right.  Pink shading = moderate 
ng = moderate precipitation, 
 
2025
10.5 11.5
°C)
-Jun Mean Monthly 
Temperature
Precipitation
(mm)
800 1400 2000
DI-Salinity (mg/L)
WA Diatom-Inferred Salinity
Salinity
b)
72 
 
-year running 
 
the Castor Lake 
low 
1880
1900
1920
1940
1960
1980
2000
2020
DRY
73 
 
 
 
5.3 2000 Year Record 
5.3.1 2000 Years of Diatom-Inferred Salinity and Hydrologic Variability 
The long-term diatom record presented here shows reliable, high-temporal 
resolution variations in salinity over the last 2000 years.  The strong correlation between 
the record of diatom-inferred salinity and PC1 sample scores (Figure 4.9) suggests that 
the changes in diatom community composition reflect changes in lakewater salinity.  A 
sub-decadal to decadal record (2004-1482 AD, sub-decadal; 1482-849 AD, decadal; 849-
9 AD, ~70 yrs resolution) of diatom-inferred salinity for the past 2000 years from Castor 
Lake provides a long-term record of spring hydrologic conditions.  The Castor Lake 
record indicated that, prior to ~1550 AD, salinity was relatively low, suggesting that 
precipitation was moderate and spring conditions were cool. Although the period prior to 
849 AD also appears relatively cool and wet, the relatively coarse temporal resolution 
(~70 years) for this period (Figure 5.2) means that hydrologic inferences may under-
estimate hydrologic variability and “miss” high frequency drought or pluvial events.  
However, this early cool and wet period corresponds with a wet, cool phase between 
~2500 and 1600 years before present (yr BP) (~550 BC-350 AD) inferred from glacial 
advances in the Cascade and Rocky Mountains (Pellatt et al., 1998).  Pollen records from 
many sites in the northern Columbia River basin (Figure 1.3) (reviewed in Walker & 
Pellatt, 2008) also indicate a shift to a cooler, moister climate in the late Holocene relative 
to the warm, dry early Holocene.  The wettest period since 850 AD occurs coincident 
with the MCA (Figure 5.2).   
The two least saline periods (950-1143 AD and 1240-1390 AD) in the MCA are 
approximately coincident with ‘Stine’ drought events (prolonged droughts in the 
southwest US; 890-1110 AD and 1210-1350 AD) (Figure 5.2). These cool and wet cycles 
recognized at Castor Lake ranged from 100-300 years in duration. Similar to the 
prolonged dry Stine events, we have no modern equivalents shown in the instrumental 
record for these persistent cool and wet cycles.  
Although the LIA time period is shown to be warmer and drier, as well as more 
variable than the MCA, the driest and warmest period in the record occurs within the last 
200 years (Figure 5.2). In the southwest US, conditions during the LIA were wetter. 
 
  
 
 
Figure 5.2: Diatom-inferred salinity for the last 2000 years.  
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5.3.2 Comparison of the Medieval Climate Anomaly (MCA) and Little Ice Age (LIA) 
Hydrologic Conditions in Castor Lake to other regions in the Western USA  
Although the complex topography and proximity to the Pacific coast is a factor in 
the spatial and temporal variability of effective moisture in the PNW, many lake sites 
studies indicate frequent fluctuations in effective moisture in the latter part of the record 
(i.e., the last two millennia) and other researchers have described the climate conditions 
during this period as being highly variable (Luckman, 1993;  2000).  Furthermore, it has 
been suggested that it may be difficult to draw exact comparisons with the timing of 
fluctuations between records because recent climatic events (e.g., MCA and LIA) were 
not strongly synchronous and probably were expressed differently in different regions 
(Luckman, 2000; Koch & Clague, 2011).  Another problem correlating climate change 
between sites in mountainous regions of western North America is that climates of 
individual sites are the product of large-scale atmospheric circulation controls, modified 
by smaller-scale topographic variations (Walker & Pellatt, 2008). Despite this, several 
records support a wet MCA and a drier and highly variable LIA in the region of Castor 
Lake (Steinman et al., 2012).   
The coolest and wettest periods in the Castor Lake record occurred during the 
MCA, which is consistent with Steinman et al. (2012) who produced a 1500-year record 
of winter precipitation from Castor Lake using a physical model-based analysis of the 
oxygen isotope composition of authigenic (i.e., precipitated in-lake) carbonate material in 
lake sediment from Castor Lake (elevation 594 m) and nearby Lime Lake (elevation 780 
m). Their results indicated that the MCA (900-1300 AD) experienced exceptional wetness 
in winter. Cooler conditions in the spring would have delayed snow melt and kept 
lakewater salinity low when conditions warmed in the summer. The oxygen isotope 
composition of authigenic carbonate material in lake sediment from nearby Renner Lake 
(elevation 754 m), Washington also provides support for a wet MCA (Steinman et al., 
2012).  Tree-ring data suggest dry conditions extended across the western US including 
the PNW during the MCA (Cook et al., 2004b; MacDonald & Case, 2005), which is at 
odds with lake sediment records from Castor Lake and its nearby counterparts in north-
central Washington.  Differences in the seasonal sensitivities of the tree-ring based 
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records and lake sediment records from Castor Lake may, in part, explain discrepancies 
between the proxies.   
However, there is considerable variation in paleoenvironmental reconstructions of 
effective moisture for the MCA in the PNW, which may reflect climatic differences as 
shown in Figure 1.2.  In southern BC, Canada, just north of Castor Lake, (Figure 5.3), 
diatom-inferred lake depth and salinity from Big Lake (elevation 1030 m) (Cumming et 
al., 2002) and Chara oospore abundances from Dog Lake (elevation 1183 m) (Hallett et 
al., 2003) indicate dry conditions during the MCA.  A comprehensive review of Holocene 
paleoenvironmental data from the northern Columbia River basin by Walker & Pellatt 
(2008) concluded saline records in this region vary greatly among basins.  This lack of 
uniformity among basins in the northern Columbia River basin was attributed to changing 
precipitation patterns such as shifting wind directions producing spatially complex 
changes in distributions of orographic precipitation and rain shadow effects, and the 
complexity of the basins’ hydrology, including groundwater (Walker & Pellatt, 2008).  
Fritz (2008) also confirms spatial variability in MCA aridity in the Great Plains, and 
suggests that this may result from the spatial gradient in climate from east to west or 
differential groundwater influence on individual lakes. She further suggests that localized 
factors, such as spatial heterogeneity in the bedrock and the various components of each 
lake’s water budget, can cause large changes in salinity among basins.  
Comparison of Castor Lake hydrologic conditions to sites just east, further east 
and south suggest a more consistent spatial variability in MCA moisture, with sites just to 
the east being wet, and sites further east and to the southwest being dry.  To the east, in 
Montana, diatom species ecology from Foy Lake (elevation 1006 m) and Reservoir Lake 
(elevation 2490 m) indicate that the MCA was a time of increasing effective moisture and 
intermediate to cool spring temperatures (Bracht-Flyr & Fritz, 2012).  Most records from 
the Plains and southwest US, indicate that the MCA was unusually dry (Stine, 1994; 
Laird et al., 1996b; Cook et al., 2004b; MacDonald, 2007; Woodhouse et al., 2010).  The 
suite of southwest US lake sites in Figure 5.3 provide support for a dry MCA. These 
records include the oxygen isotope composition of endogenic calcite and diatom records 
from Crevice Lake, Wyoming (elevation 1713 m) (Whitlock et al., 2012), the oxygen 
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isotope composition of sedimentary carbonate, ostrocode tests, and Psidium shell 
fragments from Bison Lake, Colorado (elevation 3255 m) (Anderson, 2011), as well as 
the oxygen isotope composition of CaCO3 from Pyramid Lake, Nevada (elevation 1159 
m) (Kleppe et al., 2011), diatom-inferred salinity from Kirman Lake, California 
(elevation 2189 m) (Bloom et al., 2003), and grain size data from Lake Elsinore, 
California (elevation 376 m) (Kirby et al., 2010). 
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                         (modified from Steinman et al., 2012) 
Figure 5.3: Comparison of hydrologic conditions during the Medieval Climate Anomaly 
(MCA) and tree-ring based PDSI reconstruction for the western US.  Tree-ring based 
PDSI reconstruction correlation map for the western US developed by Steinman et al. 
(2012) using data from Cook et al. (2004a).  Correlations between data points for eastern 
Washington (i.e., the average of PDSI grid points 43 and 55) and all other individual grid 
points were calculated using 20-year running means from the time period 1645-2003 AD.  
Results were contoured using interpolation to improve visualization.  Triangles represent 
approximate locations of lake sites (Table 5.1).  Corresponding triangle colour represents 
hydrologic conditions during the MCA inferred from lake sediment indicators.  Orange = 
dry conditions; Black = wet conditions; Green = variable conditions.  R = Pearson 
product-moment correlation coefficient, i.e., a measure of the strength of linear 
dependence (correlation) between two variables.   
 
 
 
79 
 
 
 
The diatom-inferred salinity record from Castor Lake indicates that the LIA was 
generally drier than the MCA and hydrologically complex, with periods of wet conditions 
interspersed with short episodes of drier conditions.  Furthermore, fluctuations in C:D 
values and the percentage of planktic diatoms provides further evidence for a 
hydrologically complex LIA.  The Castor-Lime winter precipitation record is consistent 
with the diatom-inferred salinity record and also indicates that the LIA was drier than the 
MCA (Steinman et al., 2012).  The oxygen isotope composition of authigenic carbonate 
material in lake sediment records from nearby Renner Lake, Washington (elevation 754 
m) also provide support for a drier LIA compared to the MCA (Steinman et al., 2012).  
Across the border in southern BC, Canada, diatom-inferred lake depth and salinity from 
Big Lake (elevation 1030 m) (Cumming et al., 2002) and Chara oospores from Dog Lake 
(elevation 1183 m) (Hallett et al., 2003) are consistent with the diatom-inferred salinity 
record from Castor Lake indicating conditions were variable during the LIA.  The suite of 
sites from the Rocky Mountains and southwest US shown in Figure 5.4 indicate 
conditions during the LIA were wet with the exception of Crevice Lake, Wyoming 
(elevation 1713 m), which indicated variable LIA conditions.   
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                                     (modified from Steinman et al., 2012) 
Figure 5.4: Comparison of hydrologic conditions during the Little Ice Age (LIA) and 
tree-ring based PDSI reconstruction for the western US. Tree-ring based PDSI 
reconstruction correlation map for the western US developed by Steinman et al. (2012) 
using data from Cook et al. (2004a).  Correlations between data points for eastern 
Washington (i.e., the average of PDSI grid points 43 and 55) and all other individual grid 
points were calculated using 20-year running means from the time period 1645-2003 AD.  
Results were contoured using interpolation to improve visualization.  Triangles represent 
approximate locations of lake sites (Table 5.1).  Corresponding triangle colour represents 
hydrologic conditions during the LIA inferred from lake sediment indicators.  Orange = 
dry conditions; Black = wet conditions; Green = variable conditions. R = Pearson 
product-moment correlation coefficient, i.e., a measure of the strength of linear 
dependence (correlation) between two variables.   
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Site Location 
Latitude, 
Longitude (DD) 
Elevation 
(m) 
Reference 
Big Lake, British Columbia, 
Canada 
51.67 -121.45 1030 Cumming et al., 2002 
Dog Lake, British Columbia 50.46 -116.06 1183 Hallet et al., 2003 
Castor Lake, Washington, US 48.9 -119.93 594 Steinman et al., 2012 
Renner Lake, Washington 48.78 -118.19 754 Steinman et al., 2012 
Lime Lake, Washington 48.87 117.34 780 Steinman et al., 2012 
Foy Lake, Montana 48.28 -114.58 1006 Bracht-Flyr & Fritz, 2012 
Reservoir Lake, Montana 45.7 -113.27 2490 Bracht-Flyr & Fritz, 2012 
Crevice Lake, Wyoming 45 -110.58 1713 Whitlock et al., 2012 
Bison Lake, Colorado 39.76 -107.35 3255 Anderson, 2011 
Pyramid Lake, Nevada 40 -119.55 1159 Kleppe et al., 2011 
Kirman Lake, California 38.34 -119.5 2189 Bloom et al., 2003 
Lake Elsinore, California 33.67 -117.33 376 Kirby et al., 2010 
Table 5.1: Western North American lake site location and elevation included in Figure 
5.3 and 5.4. 
 
5.3.3 20th and Early 21st Century Drought  
The warmest and driest part of the Castor Lake diatom-inferred salinity record is 
the recent past and projecting this increasing salinity trend into the future predicts that 
dryness will increase even further in an area that has typically been wet.  Sites in 
Washington State and BC are consistent with the Castor Lake diatom-inferred salinity, 
indicating a dry recent past.  The oxygen isotope composition of authigenic carbonate 
material from Castor Lake, Lime Lake, and Renner Lake sediments show a middle and 
late twentieth century wet phase followed by a reversion to more recent dry conditions 
(Steinman et al., 2012).  In southern BC, Big Lake indicates recent low lake levels 
(Cumming et al., 2002) and Dog Lake shows a decline in lake level since ~1960 AD 
(Hallett et al., 2003).  However, sites from the Canadian Rockies indicate warmer 
(Luckman et al., 1997) and wetter conditions (Watson & Luckman, 2001) beginning in 
the mid-1900s.  Rocky Mountain sites in Montana report cooler springs and wet 
conditions since ~ 700 cal yr BP (~1250 AD).  This spatial complexity in the hydrologic 
records can be attributed to the topographically complex PNW landscape, which affects 
precipitation patterns such as distributions of orographic precipitation and rain shadow 
effects (Walker & Pellatt, 2008).  However, the Castor Lake diatom-inferred salinity 
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record suggests that the recorded climate of the last 100 years is not representative of past 
variation in spring temperatures or effective moisture.  A dramatic decrease in C:D values 
and the abundance of planktic diatoms coincident with a dramatic increase in Castor Lake 
salinity supports the evidence of low lake levels and increasing aridity since ~1875 AD.    
It is safe to say this 20th/21st -century salinity change was unprecedented at this site 
because of the high resolution analyses that extended for multiple millennia, not just 
several centuries prior to the twentieth century. 
The most recent part of the record (the early 21st-century) coincides with the “turn 
of the century drought” reported for much of the western US.   There is evidence for a 
20th-century trend in US drought frequency being associated with increasing Northern 
Hemisphere temperatures (McCabe et al., 2004). This recent, rapid and unprecedented 
warming is due to increased greenhouse gases resulting from anthropogenic activity 
(IPCC, 2001).  The implication is that if elevated aridity in the western US is a natural 
response to climate warming, then any trend toward warmer temperatures in the future 
could lead to serious long-term aridity (McCabe et al., 2004).  Model predictions that the 
PNW will experience more frequent droughts as a result of rising air temperature 
reducing snow pack and causing earlier snowmelt, which reduce summer flows (Jung & 
Chang, 2012), is consistent with my findings. A trend towards much greater aridity is 
especially disconcerting in a region like the PNW that, prior to recent rapid warming, has 
typically been wet. Unlike the southwest, the Castor Lake record shows no evidence of 
previous megadroughts (i.e., droughts that exceed the duration and extent of those 
observed in the instrumental records sensu Woodhouse & Overpeck, 1998), and as such it 
is difficult to predict how increasing aridity will affect this region’s ecosystems.  
The differences between the timing of wet and dry periods between the PNW and 
the southwest indicate opposite changes in hydrologic conditions and provide more 
evidence for a persistent north-south contrasting precipitation pattern in the western US.  
In the recent record, an abundance of fresh water diatoms appeared during the time 
identified as the Dust Bowl era. C:D values also increased indicating freshwater 
conditions (Garcia-Rodriguez, 2006) and thus, higher lake levels. This interpretation is 
supported by instrumental measurements (Figure 5.1); therefore, the Dust Bowl era at 
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Castor Lake is interpreted as a wetter period than the 1920s, indicating that parts of the 
PNW may also be out of phase with the Plains.   
 
5.4 Forcing Mechanisms 
 
Although several forcing mechanisms have been suggested for climate variation 
over the last 2000 years, including solar irradiation, volcanic activity and Pacific SST, 
given the strong modern links between Pacific SST and hydrologic variability in the 
coastal areas of the western US (Koch & Clague, 2011), I chose to focus on the 
relationships between Pacific SSTs and climate and hydrologic variability during the 
MCA and LIA.  
Given the links between Pacific SSTs and hydrologic conditions at Castor Lake 
(Steinman et al., 2012) and the PNW in general (Pederson et al., 2011), and given the 
possibility that the PDO may play an important role in determining precipitation in the 
future for this region (Hamlet, 2011), I chose to compare my diatom-inferred salinity 
record to the longest available reconstruction of the PDO, which is based on tree rings 
(MacDonald & Case, 2005).  This comparison revealed an association between these two 
variables between 1000 and 1570 AD, but no close relationship after 1570 AD (Figure 5.5 
a, c). Correspondingly, Castor-Lime Lake inferred November-February precipitation 
determined from the Castor-Lime Lake ∆δ18O record and lake-catchment mass balance 
modeling indicated that there is a link between winter precipitation and the PDO in 
eastern Washington for the last 1000 years except during the LIA (Figure 5.5) (Steinman 
et al., 2012).  
The cause of the MCA is not well understood, but several hypotheses have been 
proposed, including changes in solar activity and ENSO (Mann et al., 2005; Graham et 
al., 2007).  Many North American drought studies agree that major multi-year drought 
events are linked to cool La-Niña-like conditions in the tropical Pacific (Seager et al., 
2005; Cook et al., 2010), which have had widespread impacts on the US, particularly the 
southwest.  Few studies have focused on past hydrologic events in the PNW, although 
some have suggested that the PNW may have been wetter during extreme drought events 
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observed in the southwest US (Herweijer et al., 2007).  The exceptionally wet conditions 
during the MCA in parts of the PNW suggested by Castor Lake data could have resulted 
from a combination of warmer north Pacific SSTs and La Niña-like conditions in the 
tropical Pacific (Mann et al., 2005; Graham et al., 2007).  During La Niña events today, 
much of the western US is dry and warm, but the coast of the PNW experiences cooler-
than-average temperatures and wetter winters (Seager et al., 2005).  It appears, therefore, 
that a significant increase in winter precipitation during times dominated by La Niña 
conditions may have counteracted warmer, drier summers (Koch & Clague, 2011), 
conditions indicated by tree-rings in the PNW and southwest US during the MCA (Cook 
et al., 2004b).  Opposite hydrologic conditions existed between PNW records (Castor 
Lake, its low elevation counterparts, and Montana Rocky Mountain sites) and the 
southwest US sites (Figure 5.3).   
The correlation between oxygen isotope compositions (winter precipitation) and 
the PDO record is stronger than the correlation between diatoms (spring temperature and 
annual precipitation) and the PDO record because the modern link between PDO and 
drought is related to winter precipitation (Mantua & Hare, 2002; McCabe et al., 2004; 
Fleming & Whitfield, 2010).  However, neither diatom-inferred salinity nor oxygen 
isotope compositions of authigenic carbonate material are tracking the PDO through the 
LIA.  Alterative forcing mechanisms may also be influencing the climate during this time.  
However, the generally drier conditions in the PNW during the LIA compared to 
the MCA could have resulted from a generally cooler North Pacific Ocean and an El 
Niño-like state in the tropical Pacific (Mann et al., 2005), which is associated with a 
warm PDO in the PNW. During the LIA, Rocky Mountain sites and southwest US sites 
indicated that LIA conditions were wetter than the MCA (Figure 5.4). An El Niño-like 
state is associated with widespread tropical warming and weaker warming or cooling at 
middle latitudes and a higher temperature gradient between the two regions (Hendy et al., 
2002).  The resulting strong latitudinal temperature gradient and intensified circulation 
result in advection and wind-induced evaporation in the tropical Pacific, which leads to 
greater poleward transport of water vapour (Hendy et al., 2002). Together these 
conditions result in the north-south antiphasal relationship between the PNW and the 
southwest US (Dettinger et al., 1998) that is observed in the paleorecord. 
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In the recent past, there is a poor relationship between diatom-inferred salinity and 
the PDO, but a stronger relationship between the oxygen isotope composition of 
authigenic carbonate material and the PDO.  Because diatom-inferred salinity is tied to 
spring temperatures, recent, rapid warming due to anthropogenic heat-trapping pollutants 
(Saunders et al., 2008) may be having a greater influence on this proxy than PDO 
controlled winter precipitation. 
 
   
Figure 5.5: Comparison of diatom-inferred salinity, Castor-Lime Lake precipitation, and 
PDO tree-ring index. a) Tree-ring reconstructed PDO index (MacDonald & Case, 2005) 
9-yr running mean; b) November-February precipitation (mm) for eastern Washington 
reconstructed using the Castor-Lime Lake ∆δ18O record and lake-catchment mass balance 
modeling 20-yr average (Steinman et al., 2012); c) Castor Lake weighted averaging (WA) 
diatom-inferred salinity (mg/L).  The x-axes are scaled to show increasing aridity to the 
right.  Blue outline = Medieval Climate Anomaly (MCA); Brown outline = Little Ice Age 
(LIA).  
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CHAPTER 6 
CONCLUSION 
 
The research presented here supports the following conclusions: 
1. Both WA and MAT tracked the instrumental Washington State CD 6 PDSI fairly well, 
and the correlation between WA and MAT diatom-inferred salinity was significant, 
suggesting drought inferences based on salinity reconstructions using either model would 
be similar. The summary statistics were better for WA; however, the MAT results 
seemed to better match the predicted salinities based on recent measures of salinity and 
PDSI values. Interestingly, the MAT-inferred salinities did not have a significant 
correlation to PC1 sample scores, although the WA inferred salinities did. It is unclear 
whether this is because WA is better capturing variations in salinity than MAT or 
whether PC1 is not representative of salinity (i.e., the diatoms are actually responding to 
another variable, which could be related to salinity). My results do show that diatom-
inferred salinity is more strongly related to spring season (i.e., March to June) 
temperatures, which affects the timing of spring thaw and evaporative forcing, than 
directly to PDSI.  
2. Castor Lake diatom-inferred salinity tracked the more localized Washington State CD 
6 PDSI record better than the more regional GP 43 PDSI record. This is because diatoms 
were responsive to spring season temperatures (timing of thaw and the resulting 
evaporative forcing), which may vary more across a larger region.  Nelson et al. (2011) 
showed that oxygen isotope compositions of aragonite from Castor Lake provided a more 
regional signal of moisture changes, and showed a strong association with GP 43 PDSI. 
This is because the oxygen isotope compositions were responsive to winter precipitation, 
and related to large-scale air mass change, whereas diatoms from Castor Lake tracked a 
different and more locally variable component of the PDSI. This suggests that by using a 
multi-proxy approach, a greater understanding of particular climate variables is possible.   
3. The long-term diatom-inferred salinity record provided a reliable, high-temporal 
resolution record of lakewater salinity over the last 2000 years revealing major past 
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hydrologic events.  The MCA at Castor Lake was characterized by cooler spring 
temperatures and moderate to high precipitation. Two particularly cool, wet periods at 
Castor Lake are coincident with the megadroughts that occurred in California during the 
MCA. A pronounced shift to generally drier conditions at 1200 AD and an increase in 
diatom species diversity at ~1375 AD coincided with the end of the MCA and the onset 
of the LIA.  The LIA was variable but generally drier compared to the MCA. The last 
500 years were generally increasing in aridity and the last ~ 150 years were the driest on 
record.   
4. Cooler and wetter conditions during the MCA than during the LIA at Castor Lake are 
opposite to what has been reported for the southwest US. These findings are consistent 
with a wet PNW and a dry southwest, which occur during La Niña and cool PDO phases. 
Although, these suggest a link to SSTs in the equatorial and north Pacific Ocean, 
respectively, diatom-inferred salinity was only linked to the MacDonald & Case (2005) 
tree-ring records of PDO for the period between 1000 and 1500 AD. A lack of 
association during the LIA and more recent time period may indicate other forcing 
mechanisms.   
5.  In the future, diatom-inference model selection can be made with more confidence by 
monitoring limnological properties and collecting sediment for the same years. 
6.  Increasing the network of lake sites to infer past salinity and ultimately 
paleohydrologic variation will increase the spatial resolution of hydrologic variation in 
the PNW and increase the understanding of forcing mechanisms controlling hydrologic 
variation in the PNW.
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APPENDIX A 
 
DIATOM PLATES 
 
Light micrographs of dominant diatoms recovered from Castor Lake not found in the 
PISCES project monograph (Cumming et al., 1995). 
All micrographs are at 1000X. 
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PLATE 1 
 
1-2: Fragilaria biceps 
3-4: Caloneis tenuis 
5-6: Nitzschia valdestriata 
7: Scoliopleura peisonis 
8-9: Chrysophecean cysts 
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APPENDIX B 
 
COMPARISON OF INSTRUMENTAL PDSI DATASETS 
 
Instrumental PDSI in the study site region for the last 100 years.  Instrumental PDSI from 
Washington Climate Division 6 (CD 6) compared with instrumental PDSI from grid point 
43.  The x-axis was scaled to show increasing aridity to the right.  Correlation from 1900-
2003 AD is significant (P<0.0000001). 
 
 
 
 
1880
1900
1920
1940
1960
1980
2000
2020
-32
A
g
e
 (
y
e
a
rs
 A
D
) 
PDSI (Instrumental)
Instrumental PDSI from Washington 
Climate Division 6 compared with  
Instrumental PDSI from Grid Point 43
CD 6
GP 43
DRY
r = 0.554733 
P < 0.0000001 
105 
 
 
APPENDIX C 
 
Diatom species, authorities, and salinity optimum and tolerance (lower limit and upper 
limit) ordered from lowest to highest optimum for all species with ≥ 1% relative 
abundance and a minimum of 3 occurrences spanning 9-2004 AD in Castor Lake (-- 
represents unavailable data) 
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Diatom Species Authority 
Optimum 
(g/L) 
Lower 
Limit 
(g/L) 
Upper 
Limit 
(g/L) 
Cyclotella stelligera 
(includes pseudostelligera) 
(Cleve & Grun. In Cleve) Van 
Heurck 1882 
0.03 0.00 1.10 
Navicula cryptotenella 
Lange-Bertalot 1985 fo. 1 
PISCES 
0.18 0.03 0.96 
Fragilaria brevistriata Grun. in Van Heurck 1885 0.19 0.02 1.65 
Gomphonema gracile Ehrenb. 1838 0.19 0.01 2.43 
Navicula laevissima Kütz. 1844 0.21 0.05 0.82 
Stephanodiscus minutulus (Kütz.) Round 1981 0.21 0.02 2.03 
Denticula kuetzingii Grun. 1862 0.23 0.03 1.91 
Cyclotella bodanica var. aff. 
lemanica 
(O.Müll. ex Schröt.) Bachm. 
1903 
0.24 0.03 1.82 
Cymbella cesatii  
(Rabenh.) Grun. in A. 
Schmidt 1881 
0.25 0.07 0.87 
Fragilaria capucina complex -- 0.26 0.04 1.48 
Cymbella microcephala Grun. in Van Heurck 1880  0.27 0.03 2.51 
Gomphonema parvulum (Kütz.) Kütz. 1849 0.29 0.02 3.33 
Gomphonema angustum Agardh 1831 0.29 0.04 1.99 
Fragilaria cf. tenera 
(W. Sm.) Lange-Bertalot 
1980 
0.32 0.01 8.07 
Cymbella minuta Hilse ex Rabenh. 1862 0.33 0.01 10.07 
Fragilaria ulna var. acus (Kütz.) Lange-Bertalot 1980 0.34 0.04 3.10 
Cocconeis placentula var. 
euglypta 
(Ehrenb.) Grun. 1884 0.35 0.02 5.20 
Fragilaria nanana Lange-Bertalot 1991 0.36 0.02 5.83 
Brachysira vitrea (Grun.) Ross in Hartley 1986 0.36 0.03 4.52 
Amphora libyca Enrenb. 1840 0.36 0.07 1.75 
Achnanthes minutissima Kütz. 1833 (p. 28, 46) 0.38 0.01 12.39 
Navicula pupula Kütz. 1844 0.38 0.06 2.43 
Cymbella sp. 2 PISCES  -- 0.40 0.20 0.77 
Navicula capitata Ehrenb. 1838 0.42 0.00 94.84 
Navicula oblonga (Kütz.) Kütz. 1844 0.47 0.08 2.61 
Cymbella cf. cistula 
(Ehrenb. In Hemp. & 
Ehrenb.) Kirchn. 1878 
0.50 0.07 3.67 
Neidium ampliatum 
sensu Krammer & Lange-
Bertalot 1985 
0.53 0.10 2.96 
Nitzschia radicula Hust. 1942 0.58 0.11 2.94 
Nitzschia amphibia Grun. 1862 0.58 0.04 8.59 
Nitzschia palea (Kütz.) W.Sm. 1856 0.60 0.11 3.46 
Navicula libonensis Schoeman 1970 0.63 0.05 7.55 
Cymbella silesiaca Bleisch ex Rabenh. 1864 0.67 0.12 3.57 
Cymbella cf. angustata (W. Sm.) Cleve 1894 0.70 0.13 3.78 
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Diatom Species Authority 
Optimum 
(g/L) 
Lower 
Limit 
(g/L) 
Upper 
Limit 
(g/L) 
Cymbella cymbiformis var. 
nonpunctata 
Font. 1917 0.72 0.14 3.74 
Craticula cuspidata 
D.G. Mann in Round et al. 
1990  
0.76 0.07 8.24 
Pinnularia microstauron (Ehrenb.) Cleve 1891 0.86 0.02 48.64 
Rhopalodia gibba (Ehrenb.) O.Müll. 1899 0.87 0.18 4.14 
Mastogloia smithii Thwaites ex W.Sm. 1856 0.89 0.03 30.9 
Epithemia argus (Ehrenb.) Kütz. 1844 0.94 0.13 6.90 
Cyclotella michiganiana Skvort. 1937 0.99 0.05 18.32 
Craticula halophila fo. 2 
PISCES 
(Grun. Ex Van Heurck) D.G. 
Mann in Round et al. 1990 
1.00 0.08 12.56 
Cymbella sp. 1 PISCES -- 1.01 0.10 9.91 
Navicula cincta 
(Ehrenb.) Ralfs in Pritch. 
1861  
1.05 0.02 49.55 
Nitzschia cf. gracilis Hantzsch 1860 1.15 0.14 9.38 
Cyclotella meneghiniana Kütz. 1844 1.37 0.06 30.2 
Anomoeoneis sphaerophora  
(Ehrenb.) Pfitz. 1871 fo. 1 
PISCES 
1.55 0.11 22.86 
Diatoma tenue var. 
elongatum 
Lyngb. 1819 2.22 0.19 25.59 
Entomoneis paludosa 
(W. Sm.) Reimer in Patr. & 
Reimer 1975 
2.42 0.17 34.43 
Navicula veneta Kütz. 1844 2.71 0.16 45.81 
Surirella sp. 1 PISCES -- 4.40 0.67 29.04 
Cymbella pusilla Grun. ex A. Schmidt 1875 5.47 0.33 89.54 
Campylodiscus clypeus 
(Ehrenb.) Ehrenb. ex Kütz. 
1844 
7.28 1.64 32.21 
Fragilaria famelica (Kütz.) Lange-Bertolot 1980 7.40 0.14 384.59 
Nitzschia frustulum 
(Kütz.) Grun. in Cleve & 
Grun. 1880 fo. 2 PISCES 
16.52 0.35 620.29 
Mastogloia elliptica 
(Agardh) Cleve ex A. 
Schmidt 1893 
20.65 4.36 97.95 
Nitzschia obtusa W.Sm. 1853 21.43 3.54 129.72 
Amphora acutiuscula Kütz. 1844 52.12 4.84 561.05 
Nitzschia cf. communis Rabenh. 1860 69.02 2.71 620.29 
Caloneis tenuis (Gregory) Krammer. -- -- -- 
Caloneis silicula (Ehrenb.) Cleve 1894 -- -- -- 
Cymbella sp. -- -- -- -- 
Denticula elegans Kütz. 1844 -- -- -- 
Fragilaria biceps 
(Kützing) Lange-Bertalot 
1991 
-- -- -- 
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Diatom Species Authority 
Optimum 
(g/L) 
Lower 
Limit 
(g/L) 
Upper 
Limit 
(g/L) 
Fragilaria capucina cf. var. 
rumpens 
(Kütz.) Lange-Bertalot 1991 -- -- -- 
Fragilaria vaucheriae (Kütz.) Petersen 1938 -- -- -- 
Gomphonema sp. -- -- -- -- 
Navicula sp.  -- -- -- -- 
Nitzschia valdestriata Aleem & Hustedt -- -- -- 
Scoliopleura peisonis Grunow -- -- -- 
Chrysophecean cyst -- -- -- -- 
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APPENDIX D 
 
QUALITATIVE ANALYSIS OF CLIMATE VARIABLES 
 
WA diatom-inferred salinity and δ18Oaragonite compared with Castor Lake region weather 
station air temperature and precipitation for the last 100 years. The x-axes were scaled to 
show increasing aridity to the right.  Temperature and precipitation data developed from 
Conconully and Omak NCDC weather station data adjusted on the basis of strong linear 
correlations to the Castor Lake base station. 
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Weighted-averaging (WA) diatom-inferred salinity (mg/L) compared with Castor Lake 
region weather station mean 1900-2007 9-year running mean air temperature (°C) for: a) 
January-December; b) March-June; c) July-October; d) November-February.  
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Weighted-averaging (WA) diatom-inferred salinity (mg/L) compared with Castor Lake 
region weather station mean 1900-2007 9-year running mean precipitation (mm) for: a) 
January-December; b) March-June; c) July-October; d) November-February.  
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δ
18Oaragonite (‰VPDB)  compared with Castor Lake region weather station mean 1900-
2007 9-year running mean air temperature (°C) for: a) January-December; b) March-June; 
c) July-October; d) November-February.  
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δ
18Oaragonite (‰VPDB)  compared with Castor Lake region weather station mean 1900-
2007 9-year running mean precipitation (mm) for: a) January-December; b) March-June; 
c) July-October; d) November-February.  
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APPENDIX E 
 
COMPARISON OF DIATOM-INFERRED SALINTY AND INSTRUMENTAL 
PDSI DATASETS 
 
Diatom-inferred salinity compared with instrumental PDSI for the last 100 years.  a) 
Weighted-averaging (WA) diatom-inferred salinity (mg/L) compared with instrumental 
PDSI from Washington Climate Division 6 (CD 6); b) Weighted-averaging (WA) diatom-
inferred salinity (mg/L) compared with instrumental PDSI from grid point 43.  The x-axes 
were scaled to show increasing aridity to the right.   
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